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Abstract 

Two cationic surfactants, Arquad T-50 and Duomac T, were investigated as 
possible selective flocculants or coagulants for iron pyrite or silica particles in 
the presence of particles of eastern bituminous coal. Although these surfactants 
were adsorbed by all three materials, they were found to promote the flocculation of 
pyrite and silica much more than the flocculation of coal when the solid materials 
were flocculated separately. In subsequent selective flocculation tests involving 
binary mixtures of the solid components, a good separation of coal and silica was 
achieved with Duomac T by agitating the flocculating suspension for a prolonged 
time. However, the separation of coal and pyrite proved more elusive. While some 
separation was achieved with Arquad T-50 because pyrite was flocculated more 
extensively than coal, the separation was marginal at best. 

Introduction 

There is an increasing need for industry to clean ultrafine-size coal, and one 
of the more promising methods for cleaning such coal is selective flocculation of 
either the organic material or the mineral matter (1). The principles and various 
applications of selective flocculation have been reviewed extensively (1-3). Much 
of the earlier work on this method as well as some of the recent work ( 4 , 5 )  has been 
based on the use of very long-chain, water-soluble organic polymers which act as 
bridging flocculants. 
polyethylene oxide polymers having a molecular weight of 10 
success has been achieved with completely hydrophobic, water-insoluble polymers 
which have a greater affinity for the organic portion of coal than have the 
water-soluble polymers (6-8). Another class of reagents, which may act as selective 
flocculants or coagulants, is comprised of ionic surfactants of much lower molecular 
weight than the polymeric flocculants. When the surfactants are adsorbed, they 
produce a hydrophobic coating on the coal or mineral particles (2). If the treated 
particles are brought into very close contact, they can stick together because of 
hydrophobic interaction. However, since this interaction involves very short-range 
forces, the effect of longer-range electrostatic repulsive forces may need to be 
minimized. Achieving rapid flocculation or coagulation of hydrophobic particles 
smaller than 10 Um in size may require the application of very high shear rates; 
hence, the term "shear flocculation" has been used to describe such a method (9). 

Examples of such flocculants are polgacrylamide and 
or more. Recently some 

In the work described below an attempt was made to selectively flocculate iron 
pyrite OK silica in the presence of an eastern high volatile bituminous coal by 
employing a cationic surfactant. 
mineral impurities in coal and their removal has been difficult to achieve when they 
are finely disseminated. Of the two commercial surfactants selected for this study, 
Arquad T-50 is an alkyltrimethylammonium chloride in which the alkyl group is 
derived from tallow, and Duomac T is N-tallow derivative of 1,3-propanediamine 
diacetate. 
used as selective flotation collectors for quartz and silicate minerals due to their 
ability to render these materials hydrophobic (10-12). Unfortunately various amines 

Pyrite and silica are two of the most common 

These surfactants were selected because long-chain amines are widely 
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are also known to be adsorbed by coal, and some have been used as coal flocculants 
or coagulants (13-16). Therefore, it remained to be seen whether the chosen 
surfactants would be selective. 

In order to see if the flocculants are adsorbed by the different materials, the 
zeta potential of coal, pyrite, and silica was measured in both the presence and 
absence of the surfactants. Flocculation tests were conducted with the materials 
individually using various surfactant concentrations and pH levels. Based on the 
flocculation characteristics of the individual materials, promising conditions for 
the selective flocculation of pyrite or silica in the presence of coal were selected 
and tested. 

Experimental 

Materials 

Materials used in coagulation and flocculation experiments included a specially 
selected high volatile bituminous coal, iron pyrite, and silica. The coal sample 
vas from the No. 2 gas seam in Raleigh county, West Virginia, and on a dry basis it 
had a fixed carbon content of 65%, volatile matter content of 33%, ash content of 
2-3%, a total sulfur content of 1.0-1.5%, and a pyritic sulfur content of 0.2-0.3%. 
The coal appeared to be highly hydrophobic and was difficult to wet or disperse in 
water. 

Floated silica powder was obtained from Fisher Scientific Company, and iron 
pyrite which originated in Huanzala, Peru, was obtained from Ward's Natural Science 
Establishment. X-ray diffraction analysis showed the silica to'be pure quartz with 
no detectable impurities, and it showed the pyrite to be over 99.5% pure with only 
traces of silica, calcite, and alumina. 

Coarse lumps of coal or pyrite were crushed and then ground. A ball mill 
containing stainless steel balls was used to grind the pyrite in a dry state. The 
ground pyrite was analyzed with a Leeds and Northrup Hicrotrac particle size 
analyzer which showed that 90% of the material was smaller than 16.6 Um. The coal 
and silica were ground separately with a high speed impact mill, and the products 
which passed through a screen with 38 Urn openings were used for flocculation. 

Arquad T-50 and Duomac T Diacetate were supplied by Armak Chemicals and used as 
cationic flocculants. Arquad T-50 is a quaternary ammonium compound with the 
formula RN(CH ) C1 in which R represents alkyl groups of 14 to 18 carbon atoms 
derived from ?ahow. Duomac T is an acetic acid salt of an aliphatic diamine and 
has the formula RNH(CH ) NH .(HOOCCH ) 2  in which R represents alkyl groups of 12 to 
18 carbon atoms also d&-?ve$ from tahow. The typical molecular weight of Arquad 
T-50 is 340 and that of Duomac T is 480. Deionized water having a resistivity of 18 
megohm-cm was used in the experimental work: it was prepared by passing steam 
condensate through a Barnstead NANOpure I1 deionization system. 
particle suspensions was adjusted by adding either reagent grade ammonium hydroxide 
or hydrochloric acid. 

Methods 

The pH of the 

A cylindrical Plexiglas vessel having an inside diameter of 6 cm and height of 
10 cm was used for coagulation and flocculation tests. 
250 ml, and the vessel was fitted with four vertical baffles which projected 0.7 cm 
into the vessel. 
impeller having a diameter of 2 .8  cm was used for stirring the contents of the 
vessel. 

The volume of the vessel was 

An agitator with a variable-speed drive motor and a two-blade 

Flocculation tests were conducted by first dispersing either 1.0 or 2.0 g of 
If a single component was to be flocculated, 1.0 g was material in 200 ml of water. 
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used whereas if a two-component mixture was to be flocculated, 2.0 g were used. The 
slurry was stirred at 1700 rpm for 30 s to obtain a uniform suspension. 
the suspension was adjusted with either ammonium hydroxide or hydrochloric acid, and 
then the particles were redispersed by stirring at 1700 rpm for an additional 10 s. 
While stirring was continued at 1700 rpm, a dilute solution of the organic 
flocculant was added rapidly, whereupon the agitator speed was immediately reduced 
to 300 rpm and stirring was continued for 60 s. After stirring was stopped and the 
suspension had settled for 60 s, the clear supernatant liquid was decanted, and the 
remaining solids were recovered by filtration, dried, and weighed to determine the 
recovery or mass yield of flocculated material. 

The pH of 

After treating a two-component mixture by the above procedure, the recovered 
solids were analyzed to determine the mass recovery of each component. For a 
coal/pyrite mixture this involved determining the total sulfur content of the 
flocculated product by means of a Fisher Sulfur Analyzer, and using a sulfur 
material balance to estimate the distribution of coal and pyrite in the product. 
For a coal/silica mixture, the ash content of the product was determined and used to 
estimate the distribution of coal and silica in the product. 

For measuring the zeta potential of particles, a concentrated suspension was 
prepared first by mixing 1 g of material with 50 ml of 0.01 y potassium nitrate and 
stirring for 1 hr. Twenty drops of the concentrated suspension were subsequently 
diluted to 100 ml with 0.01 
adjusted with either ammonium hydroxide or hydrochloric acid, and the suspension was 
stirred vigorously for 10 min. If the zeta potential of the material in the 
presence of a surfactant was to be determined, the requisite amount of surfactant 
was added and stirring was continued for 1 min. The suspension was allowed to sit 
overnight without stirring. The particles were resuspended by placing the mixture 
in an ultrasonic bath and then 20 readings of the zeta potential were made with a 
Zeta-Meter, system 3.0. The readings were averaged to obtain the reported value. 
A l s o  the pH of the remaining suspension was redetermined and reported. 

potassium nitrate. The pH of the suspension was 

The surface of silica was characterized by measuring the induction time or time 

The apparatus and procedure described by Yordan and Yoon 
required for attachment of one or more particles of silica to a small gas bubble 
when brought into contact. 
(17) were used for this purpose. A short induction time is indicative of a 
hydrophobic surface, whereas a longer induction time is indicative of a hydrophilic 
surface. 

Results and Discussion 

Electrokinetic Properties 

The measured zeta potentials of different materials in 0.01 potassium nitrate 
are shown as a function of pH in Figure 1. For the bituminous coal the variation in 
zeta potential with pH was similar in general to that observed for other coals 
(18-21), and this variation has been attributed to the adsorption of positively 
charged hydronium ions at low pH and negatively charged hydroxyl ions at high pH 
(18). The nature of the zeta potential curve for pyrite suggests that the surface 
of the pyrite was oxidized, since similar curves were reported for oxidized pyrite 
by others (19,Zl). The zeta potential curve for unoxidized pyrite was reported to 
be monotonic with a single isoelectric point between pH 2 and 4 .  
curve for silica was similar to that reported for quartz by Pugh (22). 

The zeta potential 

When the zeta potential of the different materials was determined in a solution 
containing 20 ppm Arquad T-50, the results shown in Figure 2 were obtained. The 
large positive values of the zeta potential for coal and silica indicate that 
surfactant cations were adsorbed strongly by these materials over the pH range from 
2 to 10. While results for pyrite were not as dramatic, they still confirm 
adsorption of the surfactant at both high and low pH where the zeta potential was 
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reversed because of adsorption. 
pyrite may not have been as high as that of the other materials because of 
competition for adsorption sites by potassium ions. Since sodium ions are known to 
be adsorbed by pyrite ( 2 3 ) ,  it is anticipated that potassium ions would be adsorbed 
as well. 

In the pH range from 3 to 10, the zeta potential of 

The results in Figure 3 indicate that Duomac T was also adsorbed strongly by 
The decline in zeta potential of the 

The dissociation of amines is known to decrease between pH 8 and 10 

the various materials over a wide pH range. 
materials between pH 8 and 10 was probably due to a reduction in the dissociation of 
the diamine. 
whereas the dissociation of quaternary ammonium compounds remains high over the 
entire pH range. This would explain why the zeta potential of the materials 
declined at high pH in the presence of Duomac T but not in the presence of Arquad 
T-50. 

The zeta potential of silica was found to be greatly affected by the 
concentration of Duomac T in the suspending medium (see Figure 4 ) .  
were made at the natural pH of the suspension and showed that the zeta potential 
increased markedly as the concentration of Duomac T increased. 
reflect adsorption of surfactant cations. 

The measurements 

These results again 

Flocculation of Individual Materials 

The results of flocculating silica suspensions with different concentrations of 
Duomac T are presented in Figure 4 .  The recovery OK yield of flocculated product 
increased with increasing concentrations of Duomac T until a concentration of 3 ppm 
was employed. At this point the silica recovery was 87% and further increases in 
flocculant concentration had little effect on the recovery. 
potential data for silica in Figure 4 show that silica was close to its isoelectric 
point when suspended in 3 ppm Duomac T. The correspondence between silica recovery 
and zeta potential for Duomac T concentrations up to 3 ppm suggest that a charge 
neutralization mechanism may have accounted for the type of flocculation which took 
place. 
applied, the zeta potential of silica was so high that electrostatic repulsion would 
create a formidable barrier to flocculation OK coagulation. 
recovery of silica was achieved which apparently was due to the hydrophobic coating 
imparted by the surfactant. The hydrophobicity of the treated silica was verified 
by measuring the induction time of both the treated and untreated material. Thus, 
the induction time of silica in water was 27.7 ms whereas in 20 ppm Duomac T it was 
1.3 ms. 
hydrophobicity (17). 

Interestingly, the zeta 

On the other hand, when Duomac T concentrations of 20 ppm or more were 

Nevertheless, a high 

This decrease in induction time indicates a large increase in 

The hydrodynamics of the flocculation system may have been such that shear 
flocculation prevailed, since an increase in agitation time after the surfactant was 
added produced an increase in silica recovery. 
recovery increased from 54% for 1 min of agitation to 83% for 5 min of agitation and 
remained the same for up to 20 min of agitation. 
observed with electrolytic coagulation or polymeric flocculation where the flocs 
break up with prolonged agitation (9). 

Thus with 0.5 ppm Duomac T the 

This type of behavior is not 

The effect of Duomac T concentration on silica recovery is further illustrated 

The same diagram also indicates the effect 
by the results presented in Figure 5 which show that the recovery decreased when the 
concentration was raised above 100 ppm. 
of Duomac T concentration on the recovery of pyrite and coal when these materials 
were treated separately at the natural pH of their respective suspensions. 
maximum recovery of pyrite was achieved with a surfactant concentration of 20 ppm. 
Since the recovery of coal never exceeded lo%, little OK no flocculation or 
coagulation of this material took place over the surfactant concentration range of 5 
to 80 ppm. 
may have reduced the hydrophobicity of the coal. 

The 

The results with coal suggest that adsorption o f  the surfactant cations 
This could have occurred if the 
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hydrophobic tails of the adsorbed cations were directed towards the surface and the 
hydrophilic head groups were directed away from the surface. 

The effect of pH on the recovery of the different materials with 20 ppm Duomac 
T is shown in Figure 6. Again the materials were treated separately. While the 
recovery of silica remained high over the entire pH range, the recovery of pyrite 
was exceptionally large only between pH 4.5 and pH 10 and coal recovery peaked at pH 
8-9. The maximum coal recovery was only 53% compared to a maximum recovery of about 
90% for the other materials. The results indicated that it might be possible to 
selectively flocculate either silica or  pyrite in the presence of the coal within 
the pH range from 2 to 6. 

Flocculation results achieved when the different materials were flocculated 
individually with various concentrations of Arquad T-50 are presented in Figure 7. 
The maximum recovery of silica was obtained with 10-20 ppm Arquad T-50 and the 
maximum recovery of pyrite with 80 ppm at the natural pH of the suspension. The 
coal did not appear to be flocculated at any concentration of the surfactant within 
the range from 10 to 150 ppm. 

The effect of pH on the recovery of the materials with 80 ppm Arquad T-50 is 
indicated by Figure 8. The recovery of silica and pyrite was high above pH 5, and 
while the recovery of coal never exceeded 25%, the best coal recovery was observed 
above pH 8. The results indicated that it might be possible to selectively 
flocculate either silica or  pyrite in the presence of coal at pH 5-6. 

Flocculation of Binary Mixtures 

Mixtures of coal and either pyrite or silica were flocculated using conditions 
which would favor the selective flocculation of the inorganic material based on the 
preceding work. In some cases the coal constituted 90% of the mixture by weight 
whereas in other cases it constituted 50%. The mass recovery or  yield of each 
component which was recovered in the settled material is given in Table 1. The 
separation efficiency as defined below is also indicated for each test. 

Separation Eff. (%) = Mineral Recovery (%) - Coal Recovery (%) 

Although the percentage recovery of pyrite or  silica was generally greater than 
the percentage recovery of coal, the difference in recovery was small so that the 
separation efficiency was low. The largest separation efficiency for a mixture of 
pyrite and coal was 26-2796 which was achieved with 80 ppm Arquad T-50 at pH 4.6. 
Also, the highest separation efficiency for a mixture of silica and coal was only 
9.7% which was obtained with 10 ppm Arquad T-50 at pH 4.9. 
of one component of a binary mixture went hand in hand with the recovery of the 
other component, suggesting that the two materials underwent a process of mutual 
coagulation. Furthermore, in the case of silica/coal mixtures it appeared that the 
overall recovery was controlled by the relative amount of silica present. Thus, 
when a mixture containing 10% silica was flocculated, the recovery of either silica 
or coal was only 25-30%, whereas the recovery of each of these was generally over 
80% when the initial mixture contained 50% silica. It is unlikely that 
electrostatic interaction would cause mutual coagulation of the particles since all 
of the solid components where charged positively in the presence of the cationic 
surfactants. 
entrapped in the pyrite o r  silica flocs (2). 
been held together by hydrophobic association. 

Generally the recovery 

On the other hand, the coal particles may have been physically 
Also, the different solids may have 

An interesting result was achieved when the time of agitation was extended 
after adding Duomac T to a suspension of silica and coal. 
indicate, the recovery of silica increased while the recovery of coal decreased. 
Consequently by agitating the suspension for 20 min it was possible to obtain a 
separation efficiency of over 84%. 

As the data in Table 2 

However, when the same procedure was applied to 
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Table 1.  Results of flocculating binary mixtures of particles with cationic 
surfactants 

Particle mixture Slurry Surfactant Recovery, % Sepn. 
Materials Ratio PH Type ppm Mineral Coal Eff., % 

pyri te/coal 
pyri te/coal 

pyri te/coal 
pyri te/coal 
pyri te/coal 
pyritdcoal 
pyrite/coal 

silica/coal 
si  lica/coal 
silica/coal 

silica/coal 
silicalcoal 
si li ca/coal 
silica/coal 

1 0 / 9 0  
50/50 

1 0 / 9 0  
1 0 / 9 0  
50/50 
50150 
50/50 

1 0 / 9 0  
1 0 / 9 0  
50/50 

50150 
50/50 
50/50 
1 0 / 9 0  

4.5 
4.5 

5 . 4  
4.6 
4.6 
6 .0  
9.4 

4.5 
1 .5  
1 .5  

4.9 
9.6 
6.0 
6 .0  

Duomac 
Duomac 

Arquad 
Arquad 
Arquad 
Arquad 
Arquad 

Duomac 
Duomac 
Duomac 

Arquad 
Arquad 
Arquad 
Arquad 

20 
20 

10 
80 
80 
10 
10 

20 
20 
20 

10 
10 
80 
80  

76 .0  64.9 
87 .1  78.9 

53.0 36.3 
49.7 23.4 
54.9 28.1 
82.8 73.2 
82.0 78.0 

31.5 32.0 
25.1 29.3 
83.8 87.6 

88.3 78.6 
76.0 72.8 
86.3 81.5 
29.6 25.5 

1 1 . 1  
8.2 

16 .7  
26.3 
26.8 

9 . 6  
4 . 0  

-0 .5  
-4.2 
-4.8 

9.7 
3 .2  
4 .8  
4 . 1  

Table 2 .  Results of flocculating binary mixtures of particles at pH 4-5 with 20 ppm 
Duomac T 

Particle mixture Agitation Recovery, % Sepn. 
Materials Ratio time, min. Mineral Coal Eff., % 

silica/coal 50/50 1 80.0 79.1 0.9 
silica/coal 50/50 5 98.8 45.2 53.6 
silica/coal 50/50 20 95.7 11.3 84.4 

pyri telcoal 50/50 1 87.1 78.9 8.2 
pyritelcoal 50/50 5 92.0 82.0 10.0 
pyrite/coal 50/50 20 80.2 75.7 4.5 

a suspension of pyrite and coal, no benefit was realized. 
interaction between coal and silica particles was weaker than that between coal and 
pyrite particles. Further work is needed to explain these divergent results and to 
see whether the method can be extended to the separation of clay or shale and coal. 

Conclusions 

Two cationic surfactants, Arquad T-50 and Duomac T, were found to strongly 

Apparently the 

promote the flocculation or  coagulation of iron pyrite and silica particles while 
showing only a moderate tendency to promote the flocculation of an eastern 
bituminous coal. Selective flocculation tests showed that it is possible to achieve 
a good separation of coal and silica with Duomac T providing the particle suspension 
is agitated for a prolonged time after introducing the surfactant. However, an 
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extended treatment time did not benefit the separation of coal and pyrite, and the 
separation of these materials proved more elusive. 

By observing the effect on the zeta potential it was shown that the surfactants 
were adsorbed by all three solid materials. 
greatly increased the hydrophobicity of this solid as indicated by a corresponding 
decrease in measured induction time. 
coagulation of silica in the presence of small concentrations of Duomac T, it is 
likely that in the presence of high concentrations hydrophobic interaction between 
particles plays a leading role in flocculation. 
achieved by prolonging the time of agitation is indicative of shear flocculation of 
hydrophobic particles. 
between coal and silica o r  between coal and pyrite in the presence of the 
surfactants. 

Adsorption of Duomac T by silica 

While charge neutralization could account for 

The increased silica recovery 

Further research is needed to account for the interaction 
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Figure 5. Effect of Duomac T concentration on the flocculation recovery. 

Figure 6. Effect of pH on the recovery of different materials with Duomac T. 
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The Effects of Advanced Physical Coal Cleaning on 
Mineral Matter and Ash Composition and its Relationship 

to.8oiler Slagging and Fouling Potential 

P. J. DeMaris, R. 8. Read, and L .  R. Camp 

Illinois State Geological Survey 
615 East Peabody Drive 
Champaign, IL 61820 

INTRODUCTION 

Recent progress in cleaning medium to high-sulfur coals from the Illinois Basin by 
advanced flotation methods (Read et al., 1987a) has led to the need to evaluate 
changes in the ash fusion temperatures of deep cleaned coal. Because the alumina- 
and silica-rich clay minerals and coarse pyrite are more easily removed during coal 
cleaning than finely disseminated pyrite, it is believed that deeply cleaned coal 
products may have lower ash fusion temperatures because of altered composition of 
the remaining ash. 

To investigate this question a suite of six coals, cleaned to various degrees, were 
analyzed for ash chemistry (ASTM method on 750'C Ash), ash fusion temperatures, 
petrographic variation and mineralogic composition. The samples include the two 
major mined seams in the Illinois Basin, the Herrin (No. 6) and Springfield (No. 5) 
Coal Members, as well as the widely used Pittsburgh seam. In this abbreviated 
paper results for ash chemistry and ash fusion analysis are reported and evaluated. 

The coals tested contain a variety o f  minerals. For a run-of-mine (ROM) or channel 
sample the typical mineral suite listed in decreasing abundance order is: various 
clay minerals (kaolinite, illite and expandables), pyritelmarcasite, quartz, 
calcite and other mineral s .  

As these coals are cleaned certain components are more easily removed, such as the 
free clay and quartz (largely from floor and rcof materials) and coarse pyrite/mar- 
casite and calcite from the coal seam. While some of the mineral matter can be 
liberated with minimum crushing and removed by gravity separation without signi- 
ficant Btu loss, the finely dispersed (framboidal) pyrite requires extensive 
grinding to achieve significant liberation levels (Read et al., 19878) 

Ash minerals remaining in the flotation concentrates are predominantly clay, 
quartz, and pyrite/marcasite, with only traces o f  calcite remaining. Ash values 
for the six samples examined at various stages of cleaning are shown in Table 1. 
Particle size for the wet tabling step was 6M x 0. The table concentrate was 
ground to 80% passing 400M for the flotation step. Grinding time was 5 minutes in 
a stirred ball mill; mean particle size fell between 15 and 2 0 p m  based on particle 
size analysis. Flotation was not optimized for ash rejection, but was maintained 
at acceptable (>75%) Btu recoveries. 

ASH FUSION TEMPERATURES AND ANALYSIS 

Coal cleaning causes significant changes in ash fusion temperature (Table 1). 
Taking first the changes from the ROM sample to the tabled samples, most tempera- 
tures under reducing condition stayed the same or dropped slightly (most less than 
50'C) with the largest changes in the initial deformation temperature (IDT) and 
lesser changes through the fluid temperature (FT). Exceptions to this were the 
Herrin-SC1 where the IDT dropped 75', and the Herrin-SW where the FT dropped 75'. 
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From t h e  ROM sample t o  tab led sample most temperatures under o x i d i z i n g  condit ions 
changed only  s l i g h t l y ,  dropping by l e s s  than 50'F; l a r g e s t  changes genera l ly  
occurred i n  t h e  FT (Table 1). Exceptions t o  t h i s  are the Spr ingf ie ld-SE sample 
where t h e  FT increased 60°F and the Herrin-SW samples where the FT increased 115°F. 

Examination o f  t h e  changes between ROM samples and the f l o t a t i o n  concentrates 
points  t o  a wider  v a r i a t i o n .  I n  general,  t he  reducing temperature increased f o r  
the Spr ingf ie ld-SE,  b u t  decreased f o r  t h e  three H e r r i n  samples. The Her r i n  sample 
w i t h  the  l a r g e s t  drop (210°F) was t h e  Herrin-SC2. Changes between ROM and f l o t a -  
t i o n  concentrate samples i n  a reducing environment var ied considerably; f o r  the 
Springfield-SE from +45'F t o  t95'F, f o r  the Herrin-SC1 sample l i t t l e  change (t35'F 
t o  -3O'F), and f o r  Herrin-SC2 and Herrin-SV s i g n i f i c a n t  drops (-65°F t o  -205'F and 
+30'F t o  -lPO'F, respec t i ve l y ) .  

For the  two samples received as preparat ion p l a n t  products (Herrin-SC3 and P i t -  
tsburgh) the f l o t a t i o n  concentrate genera l ly  had low t o  moderate increases i n  ash 
fus ion temperature. Under reducing condi t ions t h e  Herrin-SC3 increased f r o m  t130'F 
f o r  t he  I D T  t o  +8O'F f o r  t he  FT. S im i la r l y ,  the Pi t tsburgh coal increased 60°F f o r  
t he  IDT and +35'F f o r  t h e  FT. Under o x i d i z i n g  condi t ions the  IDT f o r  the Herr in-  
SC3 was increased 210'F wh i l e  t h e  FT went up only  30'F. The Pi t tsburgh sample 
under o x i d i z i n g  cond i t i ons  was hard ly  changed; t h e  IDT was decreased by 5'F and the  
FT increased 50°F. 

No consis tent  pa t te rns  i n  t h e  changes o f  ash fus ion  temperatures emerged from t h i s  
data, and i t  was a n t i c i p a t e d  t h a t  chemistry o f  t h e  ash would a lso be needed t o  ga in 
understanding o f  t he  va r ia t i ons .  Using the work o f  Winegartner and Rhodes (1975) 
as a model, s t a t i s t i c a l  c o r r e l a t i o n  analys is  f o r  16 cases was peformed. S i g n i f i -  
cant co r re la t i ons  between a se t  o f  var iab les i nc lud ing  various oxide abundance data 
and der ived r a t i o s  (See Table 3 f o r  equations) and var ious ash fus ion  temperatures 
and temperature ranges, s ign i f i can t  a t  t he  99% confidence l e v e l ,  are reported i n  
Table 2. 

For the p r e d i c t i o n  o f  reducing ash fus ion temperature (reducing), f ac to rs  i nvo l v ing  
CaO and base % p lus  i nd i ces  i nvo l v ing  Si02 and A1203 values had h igh  c o r r e l a t i o n  
c o e f f i c i e n t s  (Table 2; Table 3). Best p red ic to rs  f o r  t he  i n i t i a l  deformation 
temperature were FeO*CaO (r = -.91) and t h e  R-250 r a t i o  (r = .go). Best p red ic to rs  
of the softening temperature were the s lagging f a c t o r  (r = -.88) and FeO*CaO (r =- 
.78). Likewise, t he  best  p red ic to rs  o f  t he  hemispherical temperature were the  
slagging factor  (r = -.91) and FeO*CaO (r = -.El).  The f l u i d  temperature was best 
predic ted by the  s lagging f a c t o r  (r = -.91) and CaO (r = -.81). The temperature 
spread between I T  and FT i n  reducing condi t ions was l e s s  s t rong ly  co r re la ted  w i t h  
these var iab les;  t he  h ighest  c o r r e l a t i o n  (r = -.84) was w i t h  FeO*Al 03. I n  
general, the s lagging factor  was the  strongest s ing le  var iab le,  and it has an 
inverse r e l a t i o n s h i p  w i t h  the  ash fus ion  temperature. The second strongest 
va r iab le  f o r  p r e d i c t i o n  o f  these ash fus ion temperatures i s  FeO*CaO and i t  also 
var ies i n  inverse r e l a t i o n s h i p  w i t h  the  temperature. 

The p r e d i c t i o n  o f  ash fus ion  temperature under o x i d i z i n g  condi t ions i s  no t  as c lea r  
c u t  as those found f o r  the reducing temperatures. The c o r r e l a t i o n  c o e f f i c i e n t s  are 
genera l ly  lower, i n d i c a t i n g  l e s s  prec ise matches o f  va r ia t i on .  Best p red ic to rs  of 
i n i t i a l  deformation temp. were the base/acid r a t i o  and % base, both inverse ly  
co r re la ted  ( r = -.72). Best p red ic to rs  o f  t h e  sof ten ing temperature are the  
slagging f a c t o r  (r = -.75) and the base/acid r a t i o  (r = -.68). The hemispherical 
temperature was best p red ic ted  by the slagging f a c t o r  (r = -.78) and the A1 03 
value (r = .70). The f l u i d  temperature was best  p red ic ted  by t h e  slagging fac fo r  
(r = -.80) and the  FeO*CaO value ( r  = -.68). The temperature spread between I T  and 
FT i n  o x i d i z i n g  cond i t i ons  i s  not  w e l l  p red ic ted by any o f  t h e  var iab les;  s i g n i f i -  
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cant but weak positive correlations exist only with the fouling factor (r = .60) 
and the MgO value (r =.57). 

Discussion and Conclusions 

In comparing these correlation coefficients to the discussion of coefficients 
reported in Winegartner and Rhodes (1975) for their eastern data set (which was 
dominated by Herrin Coal samples) many similarities exist. CaO, % base and the 
base/acid ratio generally had strong negative correlations with both the reducing 
and oxidizing ash fusion temperatures in the two studies. The dolomite ratio had a 
strong correlation (-.72) in our study only with the reducing temperature spread, 
not with both reducing and oxidizing temperatures as they found. 

Winegartner and Rhodes (1975) expected to find FeO well correlated with ash fusion 
temperature, but were disappointed. In contrast, in our data set FeO*CaO had 
strong negative correlations with both reducing and oxidizing temperatures, and FeO 
was also correlated with the initial deformation temperature under reducing 
conditions. In our data set A1203 was positively correlated with the ST, HT and FT 
but not with the RT (Table 2). 

Silica ratio values for these 16 samples varied between .76 and .89 and this 
suggests that high viscosity slags (400 poise) would be produced by this ash (Gibbs 
and Hill, Inc. 1978). In 4 of 6 cases the flotation concentrates had lower silica 
ratios than parent feeds, suggesting higher slag viscosities would result. 
Base/acid ratios for these coals all fell in the 0.13 to 0.28 range, making these 
coals suitable for dry-bottom furnaces, but unsuitable for slag-tap furnaces. 

Analysis of this data set is continuing. We have presented only empirical data on 
a limited set o f  coals; broadening of the sample set and running actual combustion 
tests on selected samples would be most useful. 
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Table 2 Corre la t ion  mat r ix  o f  ;est s i g n i f i c a n t  coef f ic ients  
Ash Reducinq TemD. I F) Temp. Oxidiz inq Temp. ( 'F) Temp. 
Variables IDT ST HT FT Spread IDT ST HT FT Sread 

si08 ;la 

,";a0 
CaO 
MgO 
K20 

FeOISiO 
FeO*A1 83 
FeO*Ca8 
X Base 
Base/Acid 
S i l i c a  r a t i o  
Dolomite r. 
R-250 r a t i o  

* B & W - S F  
B & W - F F  

. 5 1  

- .78  .68 
.84 - . 6 1  

- .91  - .78  - . 8 1  - .79  - . 7 2  - .65  - .67  - . 6 8  
-.a7 - . 7 5  -.76 - .68  - .72 - .67 -.67 - .64  
- .86  - .74  - .76 - .67  .57 - . 6 8  - .67  - .64  

.86 .61  .64 .58 

.90 .67 .70 .66 .59 .58 
- . 7 2  

- .75  - .88  - .91  - . 9 1  - .62  - .75  - . 7 8  -.a0 
.5a .60 

* Spread i s  FT minus I T  i n  'F. 
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Table 3 Equations f o r  indices* 

1. 

2. 

3. 

4. 

5. 

6. 

7.  

a. 

9. 

10. 

FeO*Si02 - 
FeO*A12O3 - 
FeO*CaO .E 

% base = 

Base/acid r a t i o  = 

S i l i c a  value - 

Dolomite r a t i o  - 

R-250 value = 

Babcock-Wilcox D 

Slagging Fac tor  

Babcock- W i  1 cox 
Fou l ing  Factor 

- - 

* oxides are expressed as mole 
basis 

(FeO)(Si02) 

(FeO) (A1203) 

(FeO) (CaO) 

Sum o f  FeO, CaO, MgO, K20 and Na20 

% Base 
100 - % Base 

Si02 
Si02 + FeO + CaO t MgO 

CaO + MgO 
FeO + CaO t MgO + K20 t NazO 

Si02 t A1203 
Si02 t A1203 + FeO + CaO 

NazO + K20 t Fez03 t CaO + MgO 
Si02 + A1203 + Ti02 

Nap0 + K20 t Fez03 + CaO t MgO 
S i 0 2  + A1203 + Ti02 

TSX 

Na20 

percent w i t h  i r o n  as FeO, normalized t o  SO3 - f r e e  
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BEHAVIOR OF ASH-FORMING MINERAL MATTER IN  COAL 
DURING CHEMICAL CLEANING WITH MOLTEN CAUSTIC 

S. M. Kaushik, G. A. Norton, and R. Markuszewski 

Ames Labora tory ,  Iowa S t a t e  Un ive rs i t y ,  Ames, Iowa 50011 

ABSTRACT 

Coal -der ived  minera l  mat te r ,  ob ta ined by low-temperature ash ing  o f  
Kentucky No. 11 coa l ,  as w e l l  as minera l -g rade samples o f  quar tz ,  
i l l i t e ,  k a o l i n i t e ,  and p y r i t e ,  were t r e a t e d  w i t h  va r ious  r a t i o s  o f  
mo l ten  c a u s t i c  (NaOH, KOH, and 1:l NaOH-KOH m i x t u r e s )  a t  3 7 0 Y  f o r  1-2 
hours t o  study the  na tu re  o f  r e a c t i o n  produc ts  ob ta ined  under t h e  
c o n d i t i o n s  o f  chemical c lean ing  o f  coa l  by the  mol ten  c a u s t i c  l e a c h i n g  
(MCL) process. 
m ine ra l s  w i t h  c a u s t i c  were very rap id ,  he ing  complete i n  less t han  10 
minutes.  The r e a c t i o n  produc ts  were cha rac te r i zed  hy x - ray  
d i f f r a c t i o n ,  thermograv imet r ic  ana lys i s ,  atomic ahso rp t i on  
spectrophotometry,  and chemical ana lys i s .  The na tu re  of these p roduc ts  
was r e l a t e d  t o  t h e  s to i ch iomet ry  o f  t h e  r e a c t i o n  and was u s e f u l  i n  
e x p l a i n i n g  t h e  process chemis t ry  and i n  deve lop ing  regenera t i on  schemes 
f o r  t h e  spent caus t i c .  

I NTROOUCT ION 

Under these c o n d i t i o n s ,  most o f  t h e  reac t i ons  of  

The r e a c t i o n  o f  p y r i t e  and coa l  w i t h  mo l ten  c a u s t i c  has been 
s t u d i e d  f i r s t  by Masc ian ton io  (1) and then by Meyers and Har t  ( 2 )  as a 
p o t e n t i a l  bas i s  f o r  t h e  chemical c lean ing  o f  coa l .  It became r a p i d l y  
obvious t h a t  mo l ten  c a u s t i c  l e a c h i n g  (MCL) i s  o f  u n p a r a l l e l l e d  
e f fec t i veness  f o r  removing s u l f u r  and ash-forming m ine ra l s  from coa l ,  
l e a d i n g  t o  t h e  development o f  t he  Grav ime l t  Process by TRW (3-7). 
process has been shown t o  he e s p e c i a l l y  e f f e c t i v e  f o r  t h e  removal o f  
o rgan ic  s u l f u r  (7-9).  

t o  he regenerated f o r  recyc l i ng .  And t o  propose and t e s t  r e a c t i o n s  f o r  
t h e  regenera t i on  o f  caus t i c ,  t h e  na tu re  o f  t h e  r e a c t i o n  produc ts  
a n t i c i p a t e d  i n  t h e  spent c a u s t i c  needs t o  be known. Thus, i t  i s  
impor tan t  t o  s tudy  the  reac t i ons  o f  ash-forming minera ls ,  p resent  i n  
coa l ,  w i t h  mo l ten  c a u s t i c  under c o n d i t i o n s  s i m i l a r  t o  those  o f  t h e  MCL 
process. We have undertaken such a s tudy  u s i n g  quar tz ,  k a o l i n i t e ,  
i l l i t e ,  and p y r i t e  as t h e  major m ine ra l s  found i n  coa l  and t e s t i n g  
coa l -de r i ved  m ine ra l  ma t te r  i n  t h e  fo rm o f  a low tempera ture  ash. 

The 

However, t o  make t h i s  process economical, spent c a u s t i c  w i l l  have 

EXPERIMENTAL 

M a t e r i a l s  
Quar t z  ( S t .  Pe ters  sand); k a o l i n i t e  (A1 S i  0 (OH),) f rom Twiggs 

Company, Georgia; i l l i t e  (KRl,[Si,A1O,,(OH) 3, 852 pure, f rom Ward's 
Na tu ra l  Science Es tab l i shment ,  Inc.; and p y h t e ,  bo th  minera l -g rade and 
coa l -der ived ,  were used i n  t h i s  study. 
of  a Kentucky No. 11 coa l  was prepared by us ing  s tandard  procedures.  
Reagent-grade NaOH and KOH were powdered f o r  easy mix ing .  

The low tempera ture  ash (LTA) 

Because of  
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i t s  h i g h e r  m o i s t u r e  conten t ,  t h e  KOH was d r i e d  by h e a t i n g  above 410°C 
f o r  seve ra l  hours. The powdered NaOH and heated  KOH conta ined 3% and 
7% moisture,  r e s p e c t i v e l y ,  as de termined by t i t r i m e t r i c  assay o r  TGA. 

Procedures and Analyses 

NaOH, KOH, o r  a 1:l NaOH + KOH m i x t u r e  u s i n g  c a u s t i c - t o - q u a r t z  mole 
r a t i o s  o f  2:1,  4:1, 6:1, and 8:1. 
k a o l i n i t e  and i l l i t e  were mixed w i t h  a p p r o p r i a t e  amounts of t h e  above 
c a u s t i c s  t o  o b t a i n  c a u s t i c - t o - c l a y  mole r a t i o s  o f  5:1, 10:1, 15:1, and 
20:l. The m ix tu res  o f  c a u s t i c  and m ine ra l s  were heated i n  an Incone l  
c r u c i b l e  a t  370°C f o r  2 hours  under a s low purge o f  helium. 
r e a c t i o n  produc ts  were removed f rom t h e  c r u c i b l e  w h i l e  h o t  and t h e n  
t r a n s f e r r e d  t o  a g l o v e  box f o r  coo l i ng .  
powdered i n  an i n e r t  atmosphere o f  a g love  box, and t h e  powders were 
analyzed hy x - ray  d i f f r a c t i o n  (XRD) w i t h  a P i c k e r  x-ray d i f f r a c t o m e t e r  
us ing  Mo K, r a d i a t i o n .  
mo is tu re  d u r i n g  t h e  a n a l y s i s  hy pu rg ing  t h e  sample ho lde r  w i t h  
n i t rogen .  

washed w i t h  methanol t o  remove excess caus t i c .  The res idues  were t h e n  
d i s s o l v e d  i n  water  and analyzed f o r  Na and K by i o n  chromatography 
( I C ) .  
f r a c t i o n s  i n  t h e  r e a c t i o n  produc ts  as a f u n c t i o n  of caus t i c - to -quar t z  
mole r a t i o  i n  t h e  o r i g i n a l  m ix tu re .  

I n  a d d i t i o n ,  t h e  r e a c t i o n s  o f  qua r t z ,  k a o l i n i t e ,  i l l i t e ,  p y r i t e ,  

Exper iments were performed by m i x i n g  1.5 g o f  qua r t z  w i t h  powdered 

S i m i l a r l y ,  2 t o  3 g each o f  

The 

The r e a c t i o n  m i x t u r e  was 

A l l  t h e  t ime, t h e  samples were p r o t e c t e d  f rom 

Products f rom t h e  r e a c t i o n  o f  q u a r t z  w i t h  1:l NaOH + KOH were a l s o  

These da ta  were used t o  c a l c u l a t e  t h e  Na,Si03 and K,SiO, mole 

and t h e  low tempera ture  coa l  ash w i th  NaOH, KOH, o r  1:l NaOH + KOH 
mix tu res  were s t u d i e d  by the rmograv ime t r i c  a n a l y s i s  (TGA) u s i n g  a 
DuPont 951 Thermograv imet r ic  Analyzer.  The samples were prepared by 
m ix ing  t h e  a p p r o p r i a t e  amount o f  c a u s t i c  w i t h  minera l  ma t te r  o r  coa l  
ash t o  ach ieve  t h e  d e s i r e d  caus t i c - to -m ine ra l  mole r a t i o  (6 : l  f o r  
qua r t z ,  20 : l  f o r  k a o l i n i t e  and i l l i t e ,  10:1 f o r  p y r i t e ,  and 2 : l  
f o r  t h e  LTA). Fo r  a t y p i c a l  TGA exper iment,  30-50 mg o f  t h e  sample 
m ix tu re  (minera l  p l u s  c a u s t i c )  was t r a n s f e r r e d  t o  t h e  TGA pan and 
heated con t inuous ly  , o r  i s o t h e r m a l l y  a t  37O"C, under a n i t r o g e n  purge 
(50 mL/min.). The r e a c t i o n  produc ts  were subsequent ly washed w i t h  
methanol o r  water,  and t h e  washed p roduc ts  were analyzed by chemical  
methods and by XRD. 

RESULTS AND DISCUSSION 

React ions o f  C a u s t i c  w i t h  Quar t z  
An x-ray d i f f r a c t i o n  p a t t e r n  o f  t h e  r e a c t i o n  p roduc t  ob ta ined  by 

hea t inq  a 2 : l  NaOH-to-auartz m i x t u r e  a t  370°C f o r  2 hours i s  shown i n  . . _ _  

Figure-1 .  
(Na S i0  ). A smal l  amount o f  unreac ted  q u a r t z  was a l s o  present .  A t  
h i g k e r  ?4aOH-to-quartz r a t i o s ,  t h e  r e a c t i o n  p roduc t  was mos t l y  sodium 
o r t h o s i l i c a t e ,  Na S i 0  
shown i n  F i g u r e  2). 
NaOH-to-quartz mole r a t i o s .  
f o l l o w i n g  equat ions :  

The main p roduc t  has been i d e n t i f i e d - a s  sodium m e t a s i l i c a t e  

(a r e p r e s e n t a t i v e  XRD p a t t e r n  o f  t h i s  p roduc t  i s  

The r e a c t i o n s  can be descr ibed by t h e  
h l s o ,  unreac ted  NaOH was present  a t  t h e  h i g h e r  
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SiO, + 2 NaOH 370°C. Na,Si03 + H,O+ (Eq. 1) 

(Eq. 2 )  SiO, + 6 NaOH 3700c, Na,SiO, + 2 NaOH + 2 H,O+ 

where 2 o r  4 moles o f  NaOH r e a c t  w i th  1 mole o f  qua r t z  t o  fo rm Na,SiO, 
o r  Na,SiO,, r e s p e c t i v e l y ,  and water  i s  a l s o  one o f  t h e  produc ts .  The 
produc ts  a r e  c o n s i s t e n t  w i t h  t h e  e q u i l i b r i u m  diagram o f  t h e  Na,O - SiO, 
system which shows t h e  fo rma t ion  o f  Na SiO, and Na,SiO, w i t h  a r i c h e r  
Na,O conten t  i n  t h e  r e a c t i o n  m i x t u r e  ($0). Al though Kautz e t  a l .  (11) 
have found Na,SiO, and Na,Si,O, as p roduc ts  i n  t h e  NaOH - Na2Si0, - 
SiO, r e a c t i o n  system, t h e  absence o f  Na,Si,O, i n  ou r  s tudy  i s  p r o b a b l y '  
due t o  ou r  lower temperature.  

When KOH was used as t h e  c a u s t i c ,  po tass ium m e t a s i l i c a t e ,  K,SiO,, 
was t h e  main r e a c t i o n  produc t  a t  a l l  KOH-to-quartz mole r a t i o s .  
rep resen ta t i ve  XRD p a t t e r n  o f  t h e  r e a c t i o n  produc t  ob ta ined  a t  t h e  6:l 
KOH-to-quartz r a t i o  i s  shown i n  F i g u r e  3. 
by t h e  f o l l o w i n g  equat ion ,  i n  which o n l y  2 moles of KOH a r e  used f o r  
each mole o f  q u a r t z  t o  r e s u l t  i n  K,SiO,, water,  and unreac ted  KOH: 

A 

Th is  r e a c t i o n  can be shown 

SiO, + 6 KOH 37ooc. K,SiO, + 4 KOH + H,O+ (Eq. 3 )  

The o t h e r  p o t e n t i a l  p roduc t ,  po tass ium o r t h o s i l i c a t e  (K,SiO,), was n o t  
found. It i s  a l s o  n o t  l i s t e d  i n  t h e  powder d i f f r a c t i o n  f i l e .  

quar tz ,  t h e  produc ts  were a m i x t u r e  o f  on l y  Na,SiO, and K,SiO,. 
S u r p r i s i n g l y ,  no Na,SiO, was found  i n  t h e  r e a c t i o n  produc ts  when b o t h  
NaOH and KOH were present ,  even a t  h i g h e r  c a u s t i c - t o - q u a r t z  r a t i o s .  
Thus, 2 moles o f  t h e  mixed c a u s t i c  were always used up i n  t h e  r e a c t i o n  
f o r  each mole o f  quar tz .  

From t h e  I C  r e s u l t s  f o r  Na and K, ob ta ined  d u r i n g  t h e  a n a l y s i s  o f  
t h e  r e a c t i o n  produc ts  f rom t r e a t i n g  q u a r t z  w i th  va r ious  amounts o f  t h e  
1:l NaOH + KOH mix tu res ,  t h e  r e l a t i v e  amounts o f  Na,SiO, and K,SiO, 
were ca l cu la ted .  
K SiO,, r e s p e c t i v e l y ,  a re  shown i n  F i g u r e  4 as a f u n c t i o n  o f  t h e  amount 03 caus t i c .  As can be seen, t h e  r a t i o  o f  Na,SfO t o  K,SiO inc reased 
w i t h  i n c r e a s i n g  caus t i c - to -quar t z  mole r a t i o ,  i n d i c a t i n g  tGa t  under 
these c o n d i t i o n s  q u a r t z  forms p r e f e r e n t i a l l y  NaZSiO,. 
r e s u l t  has i m p l i c a t i o n s  f o r  chemical  coa l  c l e a n i n g  by MCL, s i n c e  t h e  
spent c a u s t i c  w i l l  be en r i ched  i n  KOH, thus  r e q u i r i n g  l e s s  makeup KOH 
t o  m a i n t a i n  t h e  1:l NaOH-KOH r a t i o  i n  t h e  mixed c a u s t i c  used f o r  
leaching. 

React ions o f  Caus t i c  w i t h  Clays 

fo rm NaA10, and Na,SiO, a t  a l l  NaOH-to-clay m ine ra l  r a t i o s ,  i.e., 5:1, 
l O : l ,  15:1, and 20:l. A r e p r e s e n t a t i v e  XRO p a t t e r n  o f  t h e  NaOH- 
k a o l i n i t e  r e a c t i o n  p roduc t  a t  t h e  20:1 r a t i o  i s  p resented  i n  F i g u r e  5. 
Unreacted k a o l i n i t e ,  o r  i l l i t e ,  was observed i n  t h e  produc t  when 
r e a c t i o n  m ix tu re  conta ined 5:l NaOH-to-clay r a t i o ,  and unreac ted  NaOH 
was found a t  15:l and 20:l NaOH-to-clay r a t i o s .  

When t h e  1:l NaOH + KOH m i x t u r e  was employed i n  t h e  r e a c t i o n s  w i t h  

The da ta  f o r  Na and K, conver ted  t o  Na,Si03 and 

Th is  un foreseen 

The c l a y  m ine ra l s  k a o l i n i t e  and i l l i t e  reac ted  w i t h  mo l ten  NaOH t o  
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The r e a c t i o n s  o f  excess NaOH w i t h  k a o l i n i t e  and w i t h  i l l i t e  can be 
shown by equat ions  4 and 5 ,  r e s p e c t i v e l y :  

A1,Si,05(0H), + 20 NaOH 37ooc. 2 NaAlO, + 2 Na,SiO, + 14 NaOH 
+ 5 H,Ot (Eq- 4) 

KA1,[Si,AIO,o(OH),I + 20 NaOH 3700c+ 3 NaAIO, + 3 Na,Si03 + 11 NaOH 
+ 5 H,O (Eq. 5)  

S i m i l a r l y ,  k a o l i n i t e  and i l l i t e  reac ted  w i t h  mo l ten  KOH t o  f o r m  
t h e  analogous p roduc ts  KAlO, and K,SiO, a t  a l l  c a u s t i c - t o - c l a y  r a t i o s .  
A rep resen ta t i ve  XRD p a t t e r n  o f  t h e  produc ts  o f  t h e  K O H - i l l i t e  r e a c t i o n  
a t  a 2O:l KOH-to-clay r a t i o  i s  shown i n  F i g u r e  6. 

React ions o f  C a u s t i c  w i th  P y r i t e  and LTA 

C h i o t t i  and Markuszewski (12).  They have proposed equa t ion  6 under 
reduc ing  and equa t ion  7 under non-reducing c o n d i t i o n s :  

The r e a c t i o n  o f  p y r i t e  w i t h  mo l ten  NaOH has been s t u d i e d  by 

2 FeS, + 11 NaOH + 1 / 2  C - 4 Na S + 2 NaFeO, + 1 /2  Na,CO, 
+ 5 !/2 H,O (Eq. 6 )  

FeS, + 5 NaOH _+ 1 5/6 Na,S + 1/6 Na,SO, + 2 1 /2  H,O 

I n  both cases, Na,S and NaFeO, were t h e  main r e a c t i o n  produc ts ,  and 
approx imate ly  5 moles o f  NaOH were used f o r  t h e  r e a c t i o n  w i th  1 mole o f  
p y r i t e .  

The m ine ra l  m a t t e r  i n  t h e  low tempera ture  ash (LTA) o f  coa l  i s  
composed mos t l y  o f  qua r t z ,  p y r i t e ,  and c l a y  m ine ra l s .  Therefore, t h e  
a n t i c i p a t e d  p roduc ts  f rom molten c a u s t i c  r e a c t i o n  w i t h  low tempera ture  
ash are Na S i 0  , NaAlO,, Na,S, and NaFeO,, and t h e  analogous potassium 
s a l t s  K,Si8,, dAlO,, K,S, and KFeO,. 
however, s i n c e  t h e  amount o f  LTA sample was t o o  smal l .  

(Eq. 7) 

No XRD p a t t e r n s  were ob ta ined,  

TGA Stud ies  

r e a c t i o n  o f  q u a r t z  w i t h  caus t i c ,  t h e  TGA i n  F i g u r e  7 shows an i n c i p i e n t  
r e a c t i o n  a t  about 240°C, a more v igo rous  r e a c t i o n  a t  310°C, and 
comple t ion  a t  340°C. 
o t h e r  m ine ra l s  were comparable. The i so the rma l  p l o t  (wt .  % vs. t i m e )  
a t  370'C i n d i c a t e d  t h a t  t h e  r e a c t i o n  a t  t h i s  tempera ture  was very f a s t  
and was completed i n  l e s s  than 10 minutes. The amount o f  we igh t  loss ,  
due t o  water  evo lved  in t h i s  reac t i on ,  a l s o  suppor t s  t h e  fo rmat ion  o f  
Na,SiO, and K,SiO, as t h e  main produc ts  o f  r e a c t i o n s  w i t h  NaOH and wi th 
KOH, r e s p e c t i v e l y ,  a t  6 : l  caus t i c - to -quar t z  r a t i o s .  

The m i n e r a l - c a u s t i c  r e a c t i o n s  were a l s o  s t u d i e d  by TGA. Fo r  t h e  

The TGA curves f o r  t h e  c a u s t i c  r e a c t i o n s  w i t h  

F igu re  7 shows t h e  i so the rma l  TGA p l o t s  o f  t h e  r e a c t i o n s  o f  .NaOH 

Both r e a c t i o n s  were a l s o  very  f a s t  and were completed w i t h i n  
w i t h  low tempera ture  ash (Kentucky No. 11 c o a l )  and w i t h  minera l -g rade 
p y r i t e .  
10 minutes. 
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S i m i l a r l y ,  t h e  c l a y  m ine ra l s  k a o l i n i t e  and i l l i t e  and a c o a l -  
d e r i v e d  p y r i t e  reac ted  very f a s t  w i th  mol ten  NaOH. 
r e a c t i o n s  were completed i n  l e s s  than  10 minutes. 
were ob ta ined  u s i n g  KOH and t h e  1:1 NaOH + KOH m i x t u r e  as t h e  c a u s t i c .  

Again, t h e  
Comparable r e s u l t s  

CONCLUSIONS 

This s tudy  shows t h a t  coa l  m ine ra l  m a t t e r  can r e a c t  w i th  fused  o r  
mo l ten  c a u s t i c  a t  370°C i n  a much s h o r t e r  t i m e  o f  h e a t i n g  than  t h a t  
commonly used i n  t h e  MCL process f o r  chemical  c l e a n i n g  o f  coa l .  
r e a c t i o n  produc ts  a r e  mos t l y  Na SiO,, NaAlO , Na S and NaFeO? p l u s  t h e  
analogous potassium compounds wien a 1:l Na6H + i O H  m i x t u r e  i s  employed 
as t h e  mol ten  caus t i c .  It i s ,  t h e r e f o r e ,  p o s s i b l e  t o  c a l c u l a t e  t h e  
amount o f  c a u s t i c  t h a t  w i l l  be used up i n  r e a c t i o n s  w i t h  m ine ra l  m a t t e r  
i n  a p a r t i c u l a r  coa l .  

i n s o l u b l e  complex a l u m i n o s i l i c a t e s  when p resen t  together .  
i n s o l u b l e  a l u m i n o s i l i c a t e s  a re  expected t o  fo rm d u r i n g  t h e  
coun te rcu r ren t  washing w i t h  water,  and t h e y  w i l l  p robab ly  s t a y  w i t h  t h e  
coa l  and t h e  sodium carbonate (13).  Fo r tuna te l y ,  t hese  a re  s o l u b l e  i n  
a c i d  (aqueous H,SO, o r  HC1) and, t h e r e f o r e ,  can be removed d u r i n g  t h e  
subsequent acid-washing step. So lub le  s i l i c a t e s  cou ld  then be removed 
f rom t h e  waste streams by l i m i n g  t o  f o r m  t h e  i n s o l u b l e  ca l c ium 
s i  1 i cate.  

The 

These r e a c t i o n  produc ts  a r e  water -so lub le ,  bu t  t hey  can form 
Such 
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Figure 3. Typical XRD pattern for products from 

the reaction of Si02 with excess KOH. 

Figure 4. Mole fraction of NazSiO3 and K2Si03 in the 
product from the reaction of caustic with quartz. 
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Figure 7. TGA results for the reaction of quartz with NaOH 

MINERAL PYRITE + NaOH 
/ 
\ 

LTA + NaOH 
8 4.. 

1 .  

Figure 8. Isothermal TGA curves for the reaction of NaOH with 
mineral-grade pyrite and a low-temperature coal ash. 1 27 
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INTRODUCTION 

This paper describes some recent results attained in 
modelling the behavior of coal ash and slags derived from it. 
This work is part of a larger effort which seeks to develop a 
unified model of ash behavior in combustion or gasification 
systems. A detailed description of the modelling effort has 
recently been published ( 1 ) .  Briefly, the focus of the model is 
on the effects of increasing temperature on coal ash and the 
recognition that ash will undergo a series of transformations 
which are specified by the composition and temperature of the ash 
but which may be independent of the configuration of the 
processing hardware in which the coal is being consumed. 

The feature common to all combustion and gasification 
systems is that the inorganic components of the coal are exposed 
to temperatures high enough to induce chemical reactions, phase 
changes, or both. At low temperatures, dehydration reactions and 
thermally induced structural rearrangements occur, and are 
particularly important for clays. In low-rank coals, 
decarboxylation of the coal structure liberates alkali and 
alkaline earth cations for reaction elsewhere, such as 
substitution into the clays (2). At higher temperatures carbonate 
decomposition can occur. 

As the temperature continues to increase, a point is 
eventually reached at which one or more of the low-melting 
components of the ash will melt. The formation of a liquid phase 
often marks the onset of troublesome ash behavior, such as 
clinkering on grates, agglomeration in fluidized beds, and 
deposition on steam tubes. In each of these instances, the liquid 
phase acts as a glue to bond solid particles together. The 
sintering is governed by the Frenkel equation, which relates the 
interparticle bonding to the viscosity and surface tension of the 
liquid phase ( 3 ) .  

At a given temperature, the viscosity and surface tension of 
the liquid phase will be determined by the liquid composition. 
However, in cases of partial melting (or of a liquid phase 
remaining after partial crystallization of a melt) it is unlikely 
that the composition of the liquid phase is the same as the bulk 
composition as customarily determined by analysis of the ash 
produced by the standard ASTM ashing procedures. Consequently, 
before one can apply a model to calculate the viscosity or 
surface tension, it is first necessary to determine the actual 
composition of the liquid. 
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Our approach to calculating liquid phase composition is the 
thermodynamic model SOLGASMIX ( 4 , 5 , 6 ) .  This program is based on 
minimization of the free energy of the system. An iterative 
calculation determines the mole fractions of the components which 
give the minimum Gibbs free energy, consistent with mass balance 
constraints. In recent work at Penn State, SOLGASMIX has been 
used with some success to determine the effects of composition on 
the growth of strength in slag deposits from pulverized coal 
firing of low-rank coals ( 7 , 8 ) .  

Numerous models for calculating viscosity as a function of 
composition are available in the literature. On the other hand, 
the surface tension of liquids derived from coal ash has been 
studied very little. Consequently, our recent work has focused on 
viscosity. The variety of viscosity models available, and the 
conflicting results occasionally obtained from them, has led us 
to develop a master program which incorporates six of the major 
viscosity models and which calculates the viscosity of a given 
liquid by all six models. This allows us to make an immediate 
comparison of the calculated results with the experimental data, 
and will be of assistance in assessi-ng the applicability of the 
various viscosity models in our overall program. 

PROCEDURE 

The objective of the present work was to test the combined 
SOLGASMIX - viscosity program against available experimental 
data. The material chosen for the test was Martin Lake (Texas) 
lignite, for which good slag viscosity data and x-ray 
fluorescence and diffraction analyses of the solidified slag were 
available. The experimental data derived from an earlier 
viscosity project, of which the methods and results have already 
been published (9,lO). 

The current version of SOLGASMIX used for this work is 
written in FORTRAN and is running on the Penn State IBM mainframe 
computer. The viscosity model program is written in FORTRAN and 
is also running on the mainframe. The input data for SOLGASMIX 
was the composition determined by x-ray fluorescence analysis of 
the ash produced by the ASTM ashing procedure. The liquid phase 
composition was calculated at 25oC intervals in the range 1200 - 
1700oC. At each temperature interval, the calculated liquid phase 
composition was then used as the input data for the viscosity 
model. 

RESULTS AND DISCUSSION 

Viscosity 

The viscosity was calculated using the six-model program 
described above. The results for this lignite showed that the 
best accuracy (agreement between calculated and experimental 
viscosities) was obtained from the S z  viscosity model of Hoy et 
al. (11). These results are summarized in Table 1.  
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TABLE 1. Comparison of calculated and experimental viscosity data 
(Sz model (11); viscosity units are poises) 

Temp. OC 
1350 

Calcd, Exptl. 
321 220 

1375 
1400 
1425 
1450 
1475 

'Extrapolated ; 

203 
131 
89 
64 
50 

experimental data end at 14710. 

160 
110 
77 
55 
38' 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
When comparing the calculated and experimental results shown 

in Table 1, it should be borne in mind that these results were 
obtained with absolutely no a priori assumptions about what the 
composition of the liquid "should be." The liquid phase 
composition used as input data for the viscosity model was 
obtained directly from the minimization of the free energy of a 
system having the composition of the lignite ash. 

As is the case with virtually all viscosity calculation 
models, the work we have done so far does not provide a 
prediction of the temperature of critical viscosity, Ttv, nor of 
the viscosity vs. temperature behavior in the non-Newtonian flow 
region below Tcv. However, it would seem that the ability to 
calculate the amount and composition of the liquid and solid 
phases afforded by SOLGASMIX may provide the key to development 
of a means for calculating both of these important slag 
properties. Efforts to develop T c v  and non-Newtonian viscosity 
predictions are planned for the future. 

Liauid composition 

The predicted liquid phase composition changes slightly with 
temperature, over the range 1350 - 1475oC for which we compared 
calculated and experimental viscosity data. Nevertheless, the 
agreement between the SOLGASMIX predictions and the x-ray 
fluorescence analysis of the solidified slag after a viscosity 
test are remarkably good, as shown in Table 2, which is given on 
the next page. The normal SOLGASMIX calculation determines mole 
fractions of elements and various compounds; however, since the 
x-ray analysis data are customarily reported as weight percents 
of the oxides, we have converted the SOLGASMIX output to the same 
basis for ease of comparison. (In addition, this conversion is 
necessary to use the SOLGASMIX results as input data for several 
of the viscosity calculation models.) 

Although the reporting of analytical results as oxides and 
the use of such results as input data for viscosity models are 
traditions of long standing, in fact a list of oxides does not by 
itself convey much information about the molecular species 
actually present in the melt. It is extremely unlikely that very 
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_______________--__----------_----------------------------------- 
TABLE 2 .  Comparison of predicted and determined compositions of 
Martin Lake lignite ash slag. (Data in weight percent.) 

Component Calcd. 13500 Calcd. 14750  Exptl. 
Si02 5 0 . 9  48 .5  48 .3  

15.9 15.0 1 4 . 9  
7 . 1  1 1 . 9  1 1 . 8  
1 .o 1 .o  1 .o 
0.0 0.0 0 . 0  

1 1 . 7  10.6 1 0 . 5  
3 . 6  3 . 5  3 . 5  
1 .o 0.9 0 . 9  
0.5 1.1 1.1 
8.3 7 . 5  7 . 5  

________________________________________------------------------- 

reactive oxide donors such as the alkali and alkaline earth 
oxides would coexist in a melt, as oxides, with oxide acceptors 
such as silica o r  alumina. In fact, the species in the melt are 
most likely aluminosilicate polymers (12,131. Therefore a real 
test of the SOLGASMIX predictions is a comparison of the liquid 
phase molecular species with those found by analysis. 

Information on the species in the melt was obtained by x-ray 
diffraction analysis of the solidified slag after a viscosity 
test. There are of course limitations to this method, most 
notably the potential for changes to occur as the melt is cooled, 
the presence of amorphous phases not detected by diffraction 
analysis, and the presence of materials in quantities below the 
detection limits of the equipment. Furthermore, x-ray diffraction 
analysis is not quantitative. These limitations notwithstanding, 
the comparison of x-ray diffraction results with SOLGASMIX 
predictions, shown in Table 3, is encouraging. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TABLE 3. Comparison of predicted (SOLGASMIX) and observed (x-ray 
diffraction) species in liquid phase of Martin Lake lignite ash. 

Predicted ( a )  Observed 
CaAl *Si 2 0 s  CaAlzSiZOs (c) 
Si02 Si02 (b) 
MgSi03 MgSiOa (C) 
CaSOl Cas04 (b) 
FeO Fez03 (C) 
Fe 3 0  I 

Notes: (a) Species predicted by SOLGASMIX are listed in 
decreasing order of abundance; (b) identified as a "major" phase 
by XRD; (c) identified as a "minor" phase by XRD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Regarding these results, it should be noted that the calcium 
aluminum silicate observed by x-ray diffraction was reported as 
"plagioclase" (14). The term plagioclase refers to a series of 
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general formula (Ca,Na)(Al,Si)AlSizOa of which the compound 
listed, CaAlzSizOs (anorthite), is an end member (15,16). We are 
not yet certain of the reason for the discrepancy between the 
predicted and observed iron-containing species. 

At the present stage of development of the model, SOLGASMIX 
itself is not without difficulties. Problems have been 
encountered in obtaining convergence in the SOLGASMIX 
calculations for some systems. In particular, the calculations 
seem extremely sensitive to the amounts of CaO and 900 in the ash 
composition used as input data. 

In the context of the development of the unified model of 
ash behavior, the work reported here indicates that, at least for 
some ashes, it is possible to obtain useful predictions of the 
liquid phase composition and viscosity over a range of 
temperatures using only the initial ash composition as the 
necessary data. Much work remains to be done. As mentioned, a 
problem exists with the convergence of the SOLGASMIX calculation 
for some compositions. The prediction of T e v  and the viscosity - 
temperature curve in the non-Newtonian region remains a target 
for future investigations. The measurement of surface tension of 
ash-derived liquids and the development of a method for 
calculating surface tension V S .  temperature from composition are 
research areas that are woefully under-explored. When these 
hurdles have all been crossed, there still remains the task of 
synthesizing the overall model from these components. Of course, 
any model at any stage of development needs continual testing 
against available experimental data. 
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FORMATION AND GROWTH OF COAL ASH AGGLOMERATES 

R. H. Car ty ,  D. M. Mason, S. D. K l ine ,  and S. P. Babu 

I n s t i t u t e  of Gas Technology 
3424 South S t a t e  S t r e e t  

Chicago, I l l i n o i s  60616 

BACKGBOUND 

The behavior  of t he  minera l  ma t t e r  of c o a l  and i t s  r e a c t i o n  p roduc t ,  a sh ,  is of 
concern in g a s i f i c a t i o n  p rocesses  because i t  governs depos i t i on  on g a s i f i e r  and 
downstream su r faces  a s  well as agglomeration in ash-agglomerating g a s i f i e r s .  I n  
gene ra l ,  f l u id i zed -bed  c o a l  g a s i f i e r s  o p e r a t e  under backmixed cond i t ions .  Conse- 
quen t ly ,  t h e  g a s i f i e r  s o l i d s  d r a i n  s t r eam could  c a r r y  wi th  i t  some unconver ted  
carbon. In c o n t r a s t ,  i n  the  KRW and U-GAS p rocesses ,  t h e  h igh-ve loc i ty  je t  in t h e  
g a s i f i e r  e f f e c t i v e l y  agglomerates t h e  a sh ,  t he reby  f a c i l i t a t i n g  i t s  s e l e c t i v e  
removal from the f lu id i zed -bed ,  and thus  ach iev ing  carbon convers ion  in excess  of 
98%. 

The minera ls  in h igh- su l fu r  bituminous c o a l  a r e  predominantly p y r i t e ,  q u a r t z ,  
and c l a y  minera ls .  The r e a c t i o n s  of most importance in t he  format ion  of a sh  
agglomerates a re  1 )  t he  ox ida t ion  of t he  f e r r o u s  s u l f i d e  produced by the  
decomposition of t h e  p y r i t e  and 2) t he  subsequent o r  s imul taneous  r e a c t i o n  of t h e  
r e s u l t i n g  i r o n  oxide  wi th  the  c l ay  mine ra l s  and q u a r t z  t o  produce r e l a t i v e l y  low- 
m l l t i n g  i r o n  a l u m i n o s i l i c a t e s  t h a t  form the  mat r ix  m a t e r i a l  f o r  t he  a s h  
agglomerates.  For t h e  ash-agglomerating f lu id ized-bed  g a s i f i e r ,  t he  i r o n  ox ida t ion  
and i r o n  a l u m i n o s i l i c a t e  format ion  occur  in the  j e t  reg ion  of the  r e a c t o r  due to its 
ox id iz ing  atmosphere and e l eva ted  tempera ture .  

In a f lu id ized-bed  g a s i f i e r ,  t he  cha r  p a r t i c l e s  t h a t  con ta in  minera l  ma t t e r  may 
be d iv ided  i n t o  two groups.  One group c o n t a i n s  a combination of c l a y s  and q u a r t z  
( t h e  a c i d s )  and p y r i t e  o r  o t h e r  f l u x i n g  agen t s  such as CaO,  MgO, Na20, and K20 ( t h e  
bases)  t h a t  w i l l  form a low-melting a l u m i n o s i l i c a t e  agglomerate as t h e  carbon i n  t h e  
p a r t i c l e  is g a s i f i e d .  The second group of p a r t i c l e s  c o n t a i n  e i t h e r  a s i n g l e  type  of 
minera l  ma t t e r  o r  very  smal l  amounts of p y r i t e  o r  t h e  o t h e r  f l u x i n g  a g e n t s  and l ead  
t o  t h e  format ion  of " f r ee  ash" t h a t  does not melt a s  t he  cha r  is g a s i f i e d .  
Agglomerate growth occur s  both  by combination of t he  sma l l e r  molten agglomera tes  and 
by cap tu re  of t he  f r e e  ash  by the  molten agglomerates.  Therefore ,  t he  tendency of a 
c o a l  t o  form ash agglomera tes  should  be dependent on both  the  d i s t r i b u t i o n  of t h e  
minera l  ma t t e r  a s  w e l l  as i t s  average composition. 

Coal Mineral  Mat te r :  The o v e r a l l  aim of t he  IGT ash  chemis t ry  s t u d i e s  is t o  
p r e d i c t  t he  behavior  of the  c o a l  ash  in a f lu id ized-bed  g a s i f i e r  on t he  b a s i s  of a 
minimum a n a l y s i s  of the  c h a r a c t e r i s t i c s  of t he  f eed  c o a l  minera l  ma t t e r  and t h e  
o p e r a t i n g  c o n d i t i o n s  of the g a s i f i e r .  I n  t h i s  s tudy  the  o b j e c t i v e  was t o  c o r r e l a t e  
t h e  composition and d i s t r i b u t i o n  of t he  minera l  ma t t e r  f o r  f i v e  e a s t e r n  and two 
wes tern  c o a l s  t o  the  behavior  of t h e i r  ash  in a l abora to ry  g a s i f i e r .  The choice  of 
t h e  e a s t e r n  c o a l s  w a s  l i m i t e d  t o  washed products  t o  concen t r a t e  on t h e  i n i t i a l  
phases  of ash  r e a c t i o n s  - t hose  of t he  ash  brought i n t o  j u x t a p o s i t i o n  f o r  r e a c t i o n  
by the  g a s i f i c a t i o n  of t he  carbon of i n d i v i d u a l  p a r t i c l e s .  

Coals  were sought whose ash  composi t ion  would r e f l e c t  t h e  f u l l  r ange  of t h e  
mosk impor tan t  v a r i a b l e  f o r  agglomera t ion ,  t he  average  concen t r a t ion  of p y r i t e  
r e l a t i v e  t o  the  s i l i c e o u s  minera ls .  The concen t r a t ion  of calcium mine ra l s  - 
t y p i c a l l y  c a l c i t e  - is probably  next  ms t  impor tan t  v a r i a b l e .  Accord ingly ,  w e  
s e l e c t e d  f o u r  U.S. bituminous c o a l s  cove r ing  a wide range of i r o n  oxide  and only  
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small amounts of calcium oxide  i n  t h e  ash.  An I l l i n o i s  No. 6 Seam c o a l  w i t h  high 
calcium oxide  and low iron oxide ,  a wes te rn  bi tuminous (York Seam), and a 
subbituminous c o a l  (Rosebud Seam) were a l s o  s e l e c t e d  f o r  t e s t i n g .  

The minera l  m a t t e r  i n  each c o a l  w a s  c h a r a c t e r i z e d  by: de te rmina t ion  of t h e  
c o n c e n t r a t i o n  of major and minor oxides  i n  t h e  ash ;  Mossbauer a n a l y s e s  t o  measure 
t h e  c o n c e n t r a t i o n  by type  of the  i r o n  compounds p r e s e n t ;  and minera logica l  ana lyses  
by computer -ass i s ted  scanning  e l e c t r o n  microscopy (SEM) .I p 2  

e a s t e r n  bi tuminous c o a l s ,  iron is p r e s e n t  as p y r i t e  and i ts  o x i d a t i o n  p r o d u c t s ,  
namely s u l f a t e s .  I n  t h e  York c o a l ,  t h e  i r o n  is mainly present  i n  chamosi te  and i n  
s i d e r i t e .  

WINFZAL M U T E R  DISTRIBUTION 

T y p i c a l l y ,  i n  t h e  

For t h i s  s t u d y ,  a method of c h a r a c t e r i z i n g  t h e  d i s t r i b u t i o n  of t h e  mineral  
mat te r  of c o a l  was developed.  Of i n t e r e s t  here  is a p r a c t i c a l  method of de te rmining  
how much of t h e  ash  of t h e  c o a l  y i e l d  s l a g  of v i s c o s i t y  low enough f o r  agglomerat ion 
a s  t h e  c h a r  of s i n g l e  p a r t i c l e s  becomes completely g a s i f i e d .  Most important  a r e  t h e  
i r o n  and ca lc ium oxide  c o n t e n t s  of t h e  ash  in r e l a t i o n  t o  s i l i c a  p l u s  alumina. 
t h i s  i n v e s t i g a t i o n ,  t h e  a s h  composi t ions of 32 s i n g l e  p a r t i c l e s  of the  c o a l s  were 
determined chemica l ly .  P a r t i c l e s  from t h e  -10+12 mesh f r a c t i o n  of the  c o a l  were 
taken  f o r  a n a l y s i s ;  t h i s  s i z e  f u r n i s h e s  enough ash f o r  the  chemical  a n a l y s i s  and is 
about  the average  s i z e ,  by weight ,  of t h e  c o a l  f e e d  t o  a p i l o t  p l a n t  o r  commercial 
f luidized-bed g a s i f i e r .  P a r t i c l e  weight ,  ash  c o n t e n t ,  and i r o n  oxide and calcium 
oxide i n  t h e  a s h  were determined.  Also,  t h e  c o n c e n t r a t i o n  of b a s i c  c o n s t i t u e n t s  
(BC) was e s t i m a t e d  f o r  each  p a r t i c l e .  
f o r  s u l f a t e  i n  t h e  p a r t i c l e  ash ,  was deemed t o  be s a t i s f a c t o r y  on p a r t i c l e  ashes  
c o n t a i n i n g  l e s s  than  about  20% CaO. 

For 

The e s t i m a t i o n ,  which inc luded  a c o r r e c t i o n  

The agreement ,  o r  l a c k  t h e r e o f ,  of t h e  average calcium oxide and i r o n  oxide 
c o n t e n t s  of t h e  ash  of t h e  p a r t i c l e s  wi th  those  found by the  convent iona l  ana lyses  
(Table  1) was s i g n i f i c a n t  i n  t h e  behavior  of t h e  minera l  mat te r  i n  agglomerat ion.  
For example, a l though t h e  average  i r o n  oxide  i n  t h e  ash  of t h e  32 p a r t i c l e s  of 
Kentucky No. 9 c o a l  a g r e e s  w e l l  w i t h  t h e  convent iona l  a n a l y s i s .  l e a s  than h a l f  as 
much calcium o x i d e  was p r e s e n t  i n  t h e  -10+12 mesh p a r t i c l e s  as i n  t h e  convent iona l  
a n a l y s i s .  Evidence i n d i c a t e s  t h a t  t h e  miss ing  calcium oxide occurs  as c a l c i t e  i n  
t h e  c l e a t  of t h e  c o a l ,  a long  which f r a c t u r e  occurs  i n  c rush ing ,  and t h a t  loss of the 
c a l c i t e  by a t t r i t i o n  from c o a l  p a r t i c l e s  occurs  i n  c rush ing  and s i e v i n g ,  r e s u l t i n g  
i n  i t s  c o n c e n t r a t i o n  i n  t h e  f i n e r  s i e v e  f r a c t i o n s .  The presence  of p l a t e s  of 
c a l c i t e ,  about  10 v m  t h i c k ,  i n  t h e  c l e a t  f r a c t u r e s  of t h e  Kentucky No. 9 c o a l  was 
found by macroscopic  examinat ion of LTA-etched c o a l  s e c t i o n s  o r i e n t e d  perpendicular  
t o  t h e  bedding.' 

A l o s s  of a lmost  90% of t h e  calcium oxide from t h e  -10+12 mesh p a r t i c l e s  is 
e v i d e n t  w i t h  t h e  Indiana  V I  and I l l i n o i s  No. 6 c o a l s .  No loss, or only a marginal  
one,  is e v i d e n t  f rom t h e  P i t t s b u r g h  No. 8 o r  Kentucky No. 13 c o a l s .  Nor d i d  i t  
occur  with t h e  subbi tuminous B Rosebud c o a l ,  i n  which t h e  calcium occurs  d ispersed  
i n  t h e  organic  m a t t e r ,  p a r t l y  as c a r b o x y l a t e  and (probably)  p a r t l y  as c a l c i t e  from 
decomposi t ion of calcium c a r b o x y l a t e s .  
i r o n  oxide is absent  f rom t h e  -10+12 mesh a t i c l e s  of t h i s  c o a l  because of a 
s i m i l a r  occur rence  of p y r i t e  i n  t h e  cleat. '*'  

However, about  90% of t h e  average amount of 

The d i s t r i b u t i o n s  i n  p a r t i c l e s  l a r g e r  and s m a l l e r  than  t h e  -10+12 mesh a l s o  
should  be cons idered .  
( g r e a t e r  d e v i a t i o n  from t h e  average)  as p a r t i c l e  s i z e  d e c r e a s e s ,  and, f o r  example, 
t h e  number of p a r t i c l e s  w i t h  a s i n g l e  l a y e r ,  whether a t t r i t a l  coa l  o r  v i t r a i n ,  
i n c r e a s e s .  The o p p o s i t e  may be t r u e  of l a r g e r  p a r t i c l e s ,  b u t  not i f  t h e  s i z e  of 

I n  g e n e r a l ,  t h e  d i s t r i b u t i o n  is expected t o  become wider  
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p a r t i c l e s  is less than  t h a t  of t h e  predominant width of t h e  l aye r s .  The appearance  
of t he  ashes  of i n d i v i d u a l  -4+5 mesh p a r t i c l e s  of t he  Kentucky No. 9 c o a l  sugges ted  
t h a t  t h e  d i s t r i b u t i o n  of i on i n  t h e s e  p a r t i c l e s  does not  d i f f e r  much from t h a t  of 
t h e  -10+12 mesh p a r t i c l e s .  f 

A t  p r e s e n t ,  it is es t ima ted  t h a t ,  i n  t h e  absence of more than  about  2 weight 
pe rcen t  of ca lc ium oxide ,  s i n g l e - p a r t i c l e  ash  wi th  i r o n  oxide  c o n t e n t s  of between 15 
and 80 weight percent  may form a low-melting agglomerate a f t e r  carbon burn-off 
w i thou t  t he  need f o r  combination wi th  the  ash of a d i f f e r e n t  p a r t i c l e .  A summary of 
t h e  d i s t r i b u t i o n  of i r o n  oxide  i n  the  ash of t he  -1Ot12 mesh p a r t i c l e s  is p r e s e n t e d  
i n  Table 2 for t h e  e a s t e r n  bituminous c o a l s ,  t oge the r  wi th  the  bulk  average  i r o n  
oxide  conten t .  Ash of Kentucky No. 9 c o a l ,  from t h e  same mine as t h a t  used  h e r e ,  
agglomerated wi thout  d i f f i c u l t y  i n  U-GAS p i l o t - p l a n t  tests wi th  bed tempera tures  a t  
about  1870'F and s u b s t a n t i a l l y  h ighe r  tempera tures  i n  t h e  j e t .  The p a r t i c l e  
ana lyses  of t h i s  coa l  show 44% of the  ash t o  have 0 t o  15 weight pe rcen t  Fe2O3 and 
53% t o  have 15 t o  80 weight pe rcen t  Fe 0 
c o a l  has  an  average  Fe203 con ten t  of 3P.j 'weight p e r c e n t ,  much h ighe r  t han  t h a t  of 
t h e  a sh  of t he  Kentucky No. 9; i t s  f r a c t i o n  of a sh  i n  t h e  15 t o  80 weight pe rcen t  
Fe203 range is much lower,  on ly  12%. 
c o a l  should agglomerate more slowly. The  same is t r u e  of t he  Indiana  V I  c o a l ,  whose 
ash  has  o v e r a l l  s u f f i c i e n t  i r o n ,  15.7 weight pe rcen t  Fe203, f o r  agglomera t ion ,  
a l though very  l i t t l e  f a l l s  i n  t h e  15% t o  80% range. 
I l l i n o i s  No. 6 c o a l s  probably  have i n s u f f i c i e n t  i r o n  f o r  agglomeration of t h e i r  a sh ,  
b u t  i f  so, t h e  a sh  con ten t  of t h e  bed i n  a g a s i f i e r  can  be a l lowed t o  r ise  t o  such  
an  e x t e n t  t h a t  almost a l l  of the  carbon is g a s i f i e d .  

EXPERIHENTAL 

Although t h e  ash  of t h e  P i t t s b u r g h  No. 8 

This  i n d i c a t e s  t h a t  t h e  ash  of t h e  P i t t s b u r g h  

The Kentucky No. 13 and 

I n  t h e  ba t ch  g a s i f i c a t i o n  tests used i n  t h i s  work, c h a r s  r a t h e r  t h a n  c o a l s  were 
used t o  p reven t  caking  of t he  c o a l  p a r t i c l e s .  The p repa ra t ion  of the  cha r s  f o r  t he  
g a s i f i c a t i o n  tests is desc r ibed  i n  d e t a i l  elsewhere.2 The p r e p a r a t i o n  of cha r  from 
each  c o a l  was i d e n t i c a l  except  f o r  a sample of t h e  Kentucky No. 9 c o a l  t h a t  was 
prepared  as a t e s t  of t he  e f f e c t  of un i fo rmi ty  of d i s t r i b u t i o n  of t he  c o a l  mine ra l  
ma t t e r  on a sh  agglomeration. This  sample of c o a l  was f i r s t  ground t o  -200 mesh t o  
more uniformly d i s t r i b u t e  the  c o a l  mine ra l  ma t t e r ,  and then  i t  was d e v o l a t i l i z e d .  
During d e v o l a t i l i z a t i o n ,  t h e  c o a l  agglomerated t o  form a bulk  sample of cha r .  This  
cha r  was then  ground and s i z e d  similar t o  t h e  o t h e r  cha r  samples used i n  t h e  
agglomera t ion  t e s t s .  

For t h e  ash  agglomeration tests of t hese  c o a l s ,  a p rev ious ly  c o n s t r u c t e d  
2-inch-diameter f lu id ized-bed  g a s i f i e r  w i th  a c e n t e r  j e t  con f igu ra t ion  was used. A 
f l u i d i z i n g  gas  of n i t rogen  and steam was in t roduced  through a p e r f o r a t e d  meta l  d i s k  
at  t h e  bottom of the r e a c t o r  and a i r  was f e d  through the  cen te r  j e t  t o  produce a ho t  
reg ion  wi th in  t h e  f lu id ized-bed  where t h e  tempera ture  may be  as much as  200' t o  
300'F h igher  than  the  tempera ture  of t he  bed. 
r e a c t o r  of 100 g of c o a l  char .  The t e s t i n g  was s t anda rd ized  a t  a steam-to-oxygen 
molar r a t i o  of 2:1, a bed tempera ture  of 1950°F, and a s u p e r f i c i a l  gas  v e l o c i t y  of 
between 1.3 and 2.0 f t / s .  

Each t e s t  used a charge  t o  t h e  

Before p repa ra t ion  of a l i q u o t s  of t h e  r e s idues  of the g a s i f i c a t i o n  t e s t s ,  any 
c l i n k e r  ob ta ined  was crushed t o  pas s  an 8-mesh s i e v e  and was mixed with o t h e r  
r e s idue .  One p o r t i o n  of t he  r e s idue  was r i f f l e d  and used f o r  e s t i m a t i o n  of 
agglomerate conten t .  This  p o r t i o n  was ashed a t  900" t o  1lOOOF i n  a muf f l e  fu rnace  
f o r  a t  least  20 hours  t o  remove carbon and achieve  b e t t e r  v i s i b i l i t y  of t h e  mine ra l  
mat te r .  The tempera ture  of ash ing  is h igh  enough t o  burn off t he  carbon bu t  low 
enough t o  avoid  f u r t h e r  r e a c t i o n s  of t h e  minera l  ma t t e r ,  o t h e r  than  o x i d a t i o n  of t he  
f e r r o u s  s u l f i d e .  The agglomera tes ,  f r e e  ash ,  and p i e c e s  of c l i n k e r  t h a t  a r e  
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i s o l a t e d  by t h e  combustion of t h e  carbon in t h e  r e a c t o r  r e s idue  were then  s ieved  and 
each  s i e v e  f r a c t i o n  examined v i s u a l l y  under a low-power microscope t o  e s t ima te  t h e  
amount of agglomera tes .  

A point-count a n a l y s i s  was a l s o  performed on the  r e s idues .  F rac t ions  of the  
ash  coa r se r  t h a n  325 mesh were combined f o r  t h i s  purpose ,  mounted i n  epoxy r e s i n  
con ta in ing  a ye l low pigment,  and pol i shed .  Removal of most of t he  m a t e r i a l  
r e s u l t i n g  from ash ing  of the  c h a r ,  c o n s i s t i n g  of f i n e  g r a i n s ,  was e s s e n t i a l  t o  
f a c i l i t a t e  t h e  poin t -count .  P a r t i c l e s  con ta in ing  any ma t r ix  m a t e r i a l ,  i d e n t i f i e d  by  
occurrence  of v e s i c l e s  and u s u a l l y  by low r e f l e c t a n c e ,  were counted as agglomerates;  
a l l  o t h e r s  were counted  a s  f r e e  ash .  which was then augmented by the  add i t ion  of t h e  
-325 mesh f r a c t i o n .  Fo r  the  p r e s e n t  purposes,  the  point-count was taken  t o  be 
p ropor t ion  1 t o  weight pe rcen t .  Other d e t a i l s  of the  procedure  a r e  r epor t ed  
elsewhere.  

RESULTS AND DISCUSSION 

1 

A summary of r e s u l t s  ob ta ined  f o r  t h e  agglomerate conten t  of t he  ashed r e s idues  
is presen ted  i n  Table  3; t h i s  t a b l e  inc ludes  agglomerate con ten t s  of ash  from 
comple te ly  g a s i f i e d  c h a r ,  c a l c u l a t e d  on t he  assumption t h a t  the  q u a n t i t y  of t h i s  ash  
is propor t iona l  t o  t h e  carbon convers ion .  In  Table 3, e x c e l l e n t  agreement is shown 
between agglomera te  c o n t e n t s  of t he  ash by in spec t ion  of s i e v e  f r a c t i o n s  and by 
point-count f o r  t e s t s  on  the  Kentucky No. 9, P i t t s b u r g h  No. 8, and I l l i n o i s  No. 6 
c h a r s  in which no c l i n k e r s  were produced, and a l s o  i n  tests on t h e  fine-ground 
Kentucky No. 9, Ind iana  V I ,  and I l l i n o i s  No. 6 i n  which c l i n k e r s  were produced. 

A comparison of agglomera te  c o n t e n t s  of a s h  from comple te ly  g a s i f i e d  cha r s  f o r  
t h e  t e s t s  on t h e  P i t t s b u r g h  No. 8 and I l l i n o i s  No. 6 cha r s ,  wi th  and wi thout  
c l i n k e r i n g ,  i n d i c a t e s  t h a t  c l i n k e r i n g  i n c r e a s e s  the  agglomerate con ten t .  The 
average  pe rcen t  of agglomera te  con ten t  ob ta ined  without c l i n k e r i n g  is 65% t o  71% of 
t h e  agglomerate c o n t e n t  ob ta ined  wi th  c l i n k e r i n g ;  depending on t h e  i n c l u s i o n  o r  no t  
of t he  low va lue  f o r  agglomera tes  found by examination of s i e v e  f r a c t i o n s  i n  the  
tes t  on the P i t t s b u r g h  No. 8 c h a r  i n  which c l i n k e r i n g  occurred .  With a p p l i c a t i o n  of 
the  c o r r e c t i o n ,  t he  "bes t"  e s t ima te  of agglomera tes  obta ined  from the fine-ground 
Kentucky No. 9 is 60% to  66%, and from the  Indiana  V I  is 61% t o  67%. 

An impor tan t  s t e p  i n  the  agglomera t ion  of ash  is the r e a c t i o n  of i r o n  compounds 
wi th  s i l i c e o u s  ones t o  form i r o n  a luminos i l i ca t e s .  I n  a U-GAS p i l o t - p l a n t  tes t ,  
convers ion  amounted t o  as much a s  82% of the  t o t a l  i r o n ,  accord ing  t o  a Mossbauer 
a n a l y s i s  of t h e  a sh  d i scha rge .  In  t h e  g a s i f i c a t i o n  tests r epor t ed  under t h e  
p rev ious  program in which a c e n t r a l  j e t  was not  used, on ly  a minor amount of i r o n  
a l u m i n o s i l i c a t e  was f ~ r m e d . ~ ? ~  With t h e  a d d i t i o n  of a c e n t r a l  j e t  tube  through 
which the  oxygen is i n t roduced ,  t h e  tests on bituminous coa l  cha r s  repor ted  here  
show formation of i r o n  a l u m i n o s i l i c a t e  mo t l y  in t h e  range of 50% t o  80% of the  
i r o n ,  a s  shown by the  Mossbauer ana lyses .  B 

I n  the  p r e s e n t  series,  t h e  low convers ion  of i r o n  t o  a l u m i n o s i l i c a t e  i n  t h e  
Rosebud char  can be a t t r i b u t e d  t o  the  occurrence  of p y r i t e  both i n  the  c l e a t  and as 
l a r g e  p a r t i c l e s .  Both of t h e s e  f a c t o r s  can  be expec ted  t o  make convers ion  of i r o n  
t o  a l u m i n o s i l i c a t e  less l i k e l y .  

For t h e  e a s t e r n  c o a l s ,  t h e  b e s t  e s t ima te  of t he  agglomerate con ten t  of ashed 
r e s idues  in Table  3 g i v e s  an  o v e r a l l  i n d i c a t i o n  of t h e i r  i n i t i a l  agglomeration 
p o t e n t i a l s .  It is noteworthy t h a t  t hese  agglomerate amounts from comple te ly  
g a s i f i e d  cha r  r ange  f rom only  38% t o  66'6, whereas t h e  i r o n  oxide  of t he  ash of t h e s e  
c o a l s  ranges from 8% t o  32%. An exp lana t ion  is t h a t  t he  agglomerates from the  c o a l s  
w i th  low i r o n  o x i d e  ( t h e  Kentucky No. 13 and t h e  I l l i n o i s  No. 6) in comparison t o  
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t h e  Kentucky No. 9 ,  c o n t a i n  a s u b s t a n t i a l l y  g r e a t e r  p r o p o r t i o n  of c lay-der ived  
m a t e r i a l  engul fed  in or a t t a c h e d  t o  t h e  i r o n  a l u m i n o s i l i c a t e  mat r ix  m a t e r i a l .  

It is a l s o  noteworthy t h a t  t h e  agglomerate  conten t  of t h e  ashed r e s i d u e  from 
t h e  f ine-ground Kentucky No. 9 c o a l  was g r e a t e r  than t h a t  of t h e  r e s i d u e s  from t h e  
u s u a l  p r e p a r a t i o n .  I n  t h e  u s u a l  p r e p a r a t i o n ,  114-in. top s i z e  c o a l  was 
d e v o l a t i l i z e d  and t h e  r e s u l t i n g  char  was crushed t o  pass  an 8-mesh s i e v e ,  whereas 
f o r  t h e  fine-ground t e s t s  t h e  same coa l  was ground t o  pass a 200-mesh s i e v e  b e f o r e  
char r ing .  The p a r t i c l e - b y - p a r t i c l e  d i s t r i b u t i o n  of i r o n  in t h e  char  made by t h e  
u s u a l  p r e p a r a t i o n  is probably wel l - represented  by t h e  d a t a  of Table  2 ,  accord ing  t o  
which 53% of t h e  a s h  had from 15% t o  80% Fe203. The expected e f f e c t  of t h e  f i n e  
g r i n d i n g  is t o  c l u s t e r  t h e  i r o n  conten t  of t h e  ash  of t h e  p a r t i c l e s  of c h a r  more 
c l o s e l y  around the  average  2OX of Fe O3 in t h e  ash  of t h i s  c o a l  (Table  2 ) .  The t e s t  
r e s u l t s  i n d i c a t e  t h a t  t h i s  d i s t r i b u t f o n  is b e t t e r  f o r  agglomerat ion than  t h a t  of t h e  
o r i g i n a l  Kentucky No. 9 c o a l .  These r e s u l t s  and those  on t h e  Kentucky No. 13 c o a l  
i n d i c a t e  t h a t  ash c o n t a i n i n g  a s  l i t t l e  a s  10% Fe203 c o n t r i b u t e s  t o  agglomera t ion .  
However, t h e  r e s u l t i n g  i r o n  a l u m i n o s i l i c a t e  may have a h i g h e r  i r o n  c o n t e n t  because 
r e a c t i o n  w i t h  the s i l t c e o u s  minera ls  is incomplete .  

The agglomerate  conten t  of t h e  ashed r e s i d u e  from t h e  P i t t s b u r g h  No. 8 c h a r  was 
only  equal  t o  t h a t  of t h e  Kentucky No. 9 ,  in s p i t e  of t h e  s u b s t a n t i a l l y  h i g h e r  
average  i r o n  oxide conten t  of i ts  a s h  - 31.7 versus  19.9 weight  percent .  This  is 
a t t r i b u t e d  t o  the i s o l a t i o n  from s i l i c e o u s  minera ls  o f  much of i t s  p y r i t e ,  a s  shown 
by t h e  i r o n  oxide d i s t r i b u t i o n  where only 12 weight percent  of  t h e  a s h  had between 
15% and 80% FeZ03; t h e  e f f e c t  is s u b s t a n t i a t e d  by a d e t a i l e d  poin t  count  a n a l y s i s  of 
t h e  res idue  from Run 1744-30, in which no c l i n k e r  was formed and in which 40% of t h e  
unagglomerated ash  w a s  i n  t h e  form of i r o n  oxide.  

Three r e s i d u e s  were analyzed by computer-assis ted SEM t o  i n v e s t i g a t e  t h e  e f f e c t  
of l a r g e  amounts of calcium oxide  in t h e  ash :  t h e  low calcium Kentucky No. 9 f o r  
r e f e r e n c e ;  t h e  I l l t n o i s  No. 6 ,  a high-calcium e a s t e r n  bi tuminous;  and t h e  Rosebud, a 
wes tern  subbi tuminous wi th  about  t h e  same amount of iron oxide  and ca lc ium oxide  i n  
t h e  a s h  as t h e  I l l t n o i s  No. 6. I n  t h e  r e s i d u e s  of t h e  g a s i f i c a t i o n  t e s t s ,  t h e  r a t i o  
of weight of i ron-conta in ing  s i l i c a t e  compounds t o  t h a t  oE o t h e r  i r o n  compounds 
(oxide  and s u l f i d e )  is roughly equal (1O:l)  f o r  the  Kentucky No. 9 and I l l i n o i s  No. 
6 t e s t s ,  and is s i g n i f i c a n t l y  lower (about 6 : l )  f o r  t h e  Rosebud char  t e s t .  T h i s  
t r e n d  agrees  with t h e  Mossbauer r e s u l t s ,  which were a t t r i b u t e d  t o  t h e  l a r g e  s i z e  of 
p y r i t e  p a r t i c l e s  and i ts  occurrence  i n  t h e  c l e a t  of t h e  Rosebud c o a l .  The o p p o s i t e  
is t r u e  of t h e  calcium; a l l  of i t  in the  Rosebud char  has  reac ted  t o  form s i l i c a t e s ,  
whereas a s u b s t a n t i a l  p a r t  of the calcium in t h e  I l l i n o i s  No. 6 char  has  not 
r e a c t e d ,  as  shown by a weight  r a t i o  of about  3 : l  of calcium s i l i c a t e s  t o  o t h e r  
calcium compounds. The r a t i o  of calcium reac ted  wi th  s i l i c a  t o  unreac ted  calcium 
would be even lower. Here a g a i n ,  a mineral  in the  c l e a t  - c a l c i t e  of t h e  I l l i n o i s  
No. 6 c o a l -  has reac ted  w i t h  s i l i c e o u s  minera ls  t o  a l e s s e r  e x t e n t  than  t h e  wel l -  
d i s t r i b u t e d  calcium - c a l c i t e  and c a r b o x y l a t e  - of t h e  Rosebud coal.  

The ana lyses  f o r  agglomerates  in t h e  r e s i d u e s  from the  Rosebud char  show poor 
agreement ,  f o r  which no e x p l a n a t i o n  is a p p a r e n t ;  no c l i n k e r  was formed in e i t h e r  of 
two t e s t s .  According t o  t h e  SEM a n a l y s i s ,  t h e  calcium oxide  d i d  r e a c t  t o  form 
s i l i c a t e s  and a l u m i n o s i l i c a t e s ,  which should y i e l d  s l a g  of about  t h e  same v i s c o s i t y  
as a s l a g  t h a t  would r e s u l t  t f  t h e  calcium oxide  had been i r o n  oxide.  As noted 
previous ly .  t h e  p y r i t e  in t h i s  coa l  has been r e p o r t e d  t o  occur  in r e l a t i v e l y  l a r g e  
g r a i n s  and, a t  t h e  30 mesh l e v e l  of c rush ing ,  t o  be una t tached  t o  c o a l .  Hence, t h e  
small amount of iron in t h e  a s h  (7.0 weight  percent  FeZO ) may a l s o  be l e s s  r e a c t i v e  
than  u s u a l ,  s i m i l a r  t o  p a r t  of the  i r o n  in t h e  P i t t s b u r g t  No. 8 c o a l .  
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I 

I ron  and calcium oxides  i n  t h e  York coal  were each  s l i g h t l y  h igher  than  i n  t h e  
Rosebud, b u t  t h e  i r o n  i s  most ly  i n  a c l a y  mineral  and thus  probably evenly 
d i s t r i b u t e d  among a l l  t h e  s i l i c e o u s  minera ls ;  a s  a r e s u l t ,  the  format ion  of i r o n  
calcium a l u m i n o s i l i c a t e s  of h i g h e r  than average i r o n  and calcium concent  would be 
much l e s s  f a v o r a b l e  t h a n  when t h e  i r o n  i s  present  as a d i s c r e t e  phase,  as  i n  t h e  
o t h e r  coa ls .  

I n  summary, t h e  f o l l o w i n g  conclus ions  have been made based on t h e s e  r e s u l t s :  

A p a r t i c l e - b y - p a r t i c l e  method of chemical  a n a l y s i s  can be used t o  determine t h e  
d i s t r i b u t i o n  and a s s o c i a t i o n  of minera ls  i n  t h e  c o a l  feed  t o  f lu id ized-bed  
g a s i f i e r s .  

With few e x c e p t i o n s ,  i n  g a s i f i c a t i o n  t e s t s  i n  which oxygen was in t roduced  
through a c e n t r a l  je t  and t h e  f l u i d i z e d  bed was maintained a t  1950"F, a major 
p a r t  of t h e  i r o n  was  conver ted  t o  i r o n  a l u m i n o s i l i c a t e s  i r r e s p e c t i v e  of a wide 
range of i r o n  c o n t e n t  from 10 t o  32 weight percent  Fe203 i n  t h e  ash.  

C o n s i s t e n t l y  low convers ion  of i r o n  t o  a l u m i n o s i l i c a t e  i n  t h e  c a s e  of t h e  
subbituminous Rosebud char  can be a t t r i b u t e d  t o  t h e  l a r g e  s i z e  of the  p y r i t e  
and i t s  occurrence  i n  t h e  c l e a t  of t h i s  c o a l .  A g r e a t e r  f r a c t i o n  of t h e  
calcium of t h e  Rosebud c o a l ,  i n  which the calcium is uniformly d i s t r i b u t e d ,  w a s  
converted t o  s i l i c a t e s  than was t h a t  of  t h e  I l l i n o i s  No. 6 c o a l ,  most of which 
OCCUKS i n  t h e  c l e a t .  Analyses a l s o  confirmed t h a t  a g r e a t e r  f r a c t i o n  of t h e  
i r o n  of t h e  Kentucky No. 9 and I l l i n o i s  No. 6 c o a l s  was converted t o  s i l i c a t e s  
than was t h a t  of t h e  Rosebud, most of which occurs  i n  t h e  c l e a t .  This shows 
t h a t  c a l c i t e  and p y r i t e  t h a t  occur  i n  the  c l e a t  and s e p a r a t e  as f r e e  a s h  d u r i n g  
g r i n d i n g  a r e  l e s s  l i k e l y  t o  form a s h  agglomerates .  

The r e s u l t s  of t h e  g a s i f i c a t i o n  t e s t s  performed i n  t h i s  study i n d i c a t e  t h a t  i n  
i n d i v i d u a l  c o a l  p a r t i c l e s  Fe203 c o n c e n t r a t i o n s  between 15 and 80 weight  p e r c e n t  
of t h e  ash  promote t h e  format ion  of a s h  agglomera tes ,  whereas ash  o u t s i d e  t h i s  
range tends t o  form f r e e  a s h  r a t h e r  t h a n  agglomerates .  

I n  t h e  g a s i f i c a t i o n  of c o a l s  of low-iron-content a s h ,  s i g n i f i c a n t  format ion  of 
ash agglomerates  can  occur  by t h e  j o i n i n g  of unmelted mineral  mat te r  w i t h  
r e l a t i v e l y  small amounts of t h e  i r o n  a l u m i n o s i l i c a t e  mat r ix  material. 

C h a r a c t e r i z a t i o n  of t h e  composi t ion and d i s t r i b u t i o n  of the  c o a l  a s h  u s i n g  t h e  
techniques developed i n  t h i s  s tudy  could be of a s s i s t a n c e  i n  s e t t i n g  t h e  
o p e r a t i n g  c o n d i t i o n s  of f lu id ized-bed ,  ash-agglomerat ing g a s i f i e r s .  

ACKNOWLBDGEMENT 

The funds f o r  t h i s  r e s e a r c h  were provided by t h e  Morgantown Energy Technology 
Center ,  United S t a t e s  Department of Energy under C o n t r a c t  No.: 

UEPERENCES 

1. Mason, D.  M. and Chao. S. S . .  "Determinat ion of t h e  D i s t r i b u t i o n  of Ash. P v r i t e  

DE-AC21-84MC21313 

, .  
and B a s i c  C o n s t i t u e n t s  i n  Coal P a r t i c l e s , "  Am. Chem. Soc, Div. Fuel  Chem. 
Prepr.  32 ( 4 1 ,  203-13 11987) Aug.-Sept. 

2. Carty R. H., Mason, D. M. and Babu, S.  P., Reac t ion  Kine t ics  and P h y s i c a l  
Mechanisms of Ash AgqLomeration. Washington, D.C.,  
DOE/MC/21313 (To be publ i shed) .  

U.S. Department of Energy, 

39 



Kuhn, J. K . ,  F iene ,  F. and Harvey, R., "Geochemical Evalua t ion  and 
C h a r a c t e r i z a t i o n  of a P i t t s b u r g h  No. 8 and a Rosebud Seam Coal ,"  Report  
METCfCR-7818, 1978. --___ 

Chadwick, R. A., R ice ,  R. C . ,  Bennet t ,  C .  M. and Woodr i f f ,  R.  A.,  "Sul fur  and 
Trace  Elements i n  t h e  Rosebud and McKay Coal  Seams, C o l s t r i p  F i e l d ,  Montana," 
Mont. Geol. Soc. Ann. F i e l d  Conf. Guide,  22, 167-75 (1975) 
Mason, D. M . ,  Car ty ,  R. H . ,  Babu, S. P., Ghate ,  M. R. and L a i ,  H. Y., "Mineral 
Matter  Behavior i n  High Carbon Conversion Coal G a s i f i e r s . "  Paper p r e s e n t e d  a t  
t h e  1985 I n t e r n a t i o n a l  Conference on Coal Sc ience ,  Sydney, A u s t r a l i a ,  
October 28-November 1, 1985; publ i shed  i n  Proceedings:  1985 I n t e r n a t i o n a l  
Conference on Coal Science.  

Table  I .  SUMMARY OF AVERAGES OF SINGLE-PARTICLE ANALYSES 

_- Ash (Moist Bas is )  i n  Ash CaO i n  Ash- 
Avg. of Bulk Avg. O F T  Avg. of Bulk 
P a r t i c l e s  Avg. P a r t i c l e s  Avg. P a r t i c l e s  Avg. 

- w t  % 
(Range) (Range) (Range) 

Kentucky No. 9 6.3 7.6 22.3 19.9 1.10 2.29 
(0.4-32.8) (3.3-98.1) (0.41-19.2) 

P i t t s b u r g h  No. 8 10.9 7.5 34.2 31.7 1.14 0.90 

Kentucky No. 13 8.2 7.3 8.6 8.1 0.69 0.90 

(1.0-42.1) I (0.7-91.0) (0.25-28.2) 

(0.3-21.2) (0.8-52.8) (0.17-11.5) 

I l l i n o i s  No. 6 10.3 11.9 12.1 10.7 0.83 8.34 
(1.1-32.5) (1.8-91.7) (0.21-14 .O) 

Indiana  V I  16.4 13.4 6.9 15.7 0.36 2.48 
(0.6-56.6) (2.0-81.7) (0.10-20 -3) 

Rosebud 10.3 11.3 0.55 7 .O 9.4 7.2 
(2.1-45.8) (0.1-6.14) (1.95-45.3) 

Table 2. SUMMARY OF DISTRIBUTION OF Fe203 I N  -10+12 MESH 
PARTICLES OF EASTERN BITUMINOUS COALS 

%01 C o n t e n t  D i s t r i b u t i o n  of Fe,O, 

Kentucky No. 9 19.9 22.3 44 53 3 
P i t t s b u r g h  No. 8 31.7 34.2 59 12 29 
Kentucky No. 13 8.1 8.6 89 1 1  0 
I l l i n o i a  No. 6 10.7 12.1 82 16 2 
Indiana  V I  15.7 6.9 91 9 0 
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Relation of Slag Viscosity and Surface Tension 
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The purpose of this paper is to discuss the relative effect of viscosity and surface tension on 
sintering potential or agglomeration in coal utilization systems. Of specific interest is the effect of 
composition and atmosphere on viscosity and surface tension. 

BACKGROUND 

Sintering is the process by which individual particles or ash particles and slag bind together to form 
a compact mass. The mechanisms by which sintering occurs are: viscous flow, vapor condensation, 
diffusion, and surface tension (1,2). Raask (3) has shown that, for coal utilization systems, the major 
mechanism is that of viscous flow with a reactive liquid phase. The extent of sintering, given by the 
square of the radius of the contact area (x2) for a given time, t, is defined by the Frenkel model (3): 

where r is the initial particle radius, y is the surface tension of the liquid phase, and q is the viscosity of the 
liquid phase. According to the Frenkel model, the extent of sintering is inversely propomonal to the 
viscosity of the liquid phase and proportional to the surface tension. It is known that viscosity and surface 
tension are dependent on composition and atmosphere. Figure 1 (after Raask) shows the variation of 
surface tension ,viscosity, and the rate of sintering with respect to temperature. 

It must be noted that the Frenkel model is based on studies in which particles are in intimate 
contact with one another prior to heating. Sintering then occurs, in the case of ash species, with the 
formation of a liquid phase on the particle surface. In coal utilization systems, the particles are not in 
intimate contact with one another but are in constant relative motion. Therefore, the pmess of sintering or 
agglomeration only begins when particles collide and adhere to each other or to a slag layer. During initial 
contact the surface tension of the respective surfaces can play a rate-limiting role as it affects the adhesion 
of ash particles. The lower the surface tension of the liquid phase on the particle surface the greater the 
degree of adhesion and sintering resulting in either a fairly strong or large agglomerate. If the surface 
tension of the molten phase is sufficiently high initial adhesion may be limited. This would also be the 
case for particles with low viscosity liquid phases. If two particles collide, each having liquid phases of 
relatively high viscosity and low surface tension, initial adhesion can occur which could lead to some 
degree of agglomeration. However, the extent of sintering would be limited resulting in a relatively weak 
agglomerate (4). 

modification of the Frenkel model is used (4): 
To account for the non-static condition of ash particles relative to one another a 

where t l  refers to the contact time and t2 refers to time after the initial contact. The function term indicates 
that as the probability and extent of initial adhesion approaches zero (high surface tension) then the degree 
of sintering will approach zero. However, after tl. the degree of sintering will follow the Frenkel model 
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(Equation 1). In the probability function surface tension is inversely related to rate, whereas, in the 
Frenkel model the rate is proportional to the surface tension. The reason for this is that at initial contact the 
higher the surface tension the less the liquid "wets" the adjacent surface. After the formation of a "neck 
or liquid bridge between particles (after tl) surface tension pulls the liquid material from the convex surface 
to the concave surface at the region of the neck. With increasing surface tension the force with which 
adhesion of the particles occurs increases. So the case is made that surface tension does initially affect the 
critical adhesion of particles in the agglomeration process. However, after adhesion, the rate of sinteri3g 
is governed by the viscosity of the molten phases present on the particle surface. 

EXPERIMENTAL 

Ash samples used in both viscosity and surface tension determinations were produced from coal 
samples pulverized to -60 mesh and then ashed for three hours at looO°C. Each sample was ashed in an 
oxidizing atmosphere and a reducing atmosphere of 8% hydrogen in nitrogen. The ash samples were then 
analyzed by X-ray fluorescence to determine bulk chemical composition. 

determinations. Each sample was heated to 1450°C and soaked for several to ensure complete melting. A 
cool down cycle was then initiated with readings taken every 1 0 T  The sample was equilibrated for 20 to 
30 minutes at each temperature when viscosity measurements were made. 

To determine surface tension a sessile drop method was used. A sample of ash was pressed 
into a pellet, weighed, and centered on a plaque of relatively nonreactive vitreous carbon. During heating a 
slag bead is formed upon melting of the ash pellet. The bead shape is determined by the surface tension 
forces between the liquid, gas, and solid phases. Therefore, the sessile drop technique requires geomemc 
definition of the bead at any one temperature. The pellet image was photographed at looO°C and 1200°C 
and then at 5OC intervals until the ash pellet was completely melted or a temperam of 1400°C was 
reached. 

The computer method used to calculate surface tension was proposed by Maze and Bumet (5,6). 
The advantage of this technique is that a series of measure.ments from photographs are used to define the 
bead shape to calculate surface tension rather than relying on one measurement, as in the case of contact 
angle, thereby reducing measurement error. For a more detailed discussion of this technique refer to 
Miller (4) or Maze and Burnet (5,6). 

RESULTS AND DISCUSSION 

A Haake RV-2 Rotovisco (rotating bob viscometer) unit was used for viscosity 

of Viscositv to and Co- . .  

Work conducted at the Bituminous Coal Research National Laboratory and the University 
of North Dakota Energy and Mineral Research Center ( W E h 4 R C )  has shown that there are differences 
in slag behavior in oxidizing, reducing, and inert atmospheres (4). The results show that slag viscosity is 
decreased under reducing conditions and increases under oxidizing conditions as in the case of the Baukol- 
Noonan coal slag in Figure 2. 

described as follows: glass formers (Si02 and P2O5), modifiers (CaO, MgO, NazO, and K20), and 
amphoterics (AI203 and F ~ 0 3 ) .  Glass formers tend to enhance polymerization of the melt while 
modifiers tend to dimpt  polymerization. The amphotexics can act either as glass formers or modifiers (4). 
For high-silica slags the important factor in determining viscosity is the ratio of Si@ to modifiers. Large 
amounts of network formers (silica) result in a higher degree of polymerization, a rapid rate of nucleation 
and crystallization. This behavior produces liquid phases having higher viscosities resulting in a decreased 
potential for sintering. 

The viscosity behavior of low-silica slags is governed by the ratio of CaO to modifiers or allralies. 
Alkalies tend to inhibit silica polymerization by weakening the bonds between silica tetrahedra. Alkalies, 
as modifiers, also increase the rate of crystal growth by reducing viscosity thereby permitting more rapid 
diffusion of ions to the crystal front. Such liquid phases of low viscosity present during the ash phase 
would increase the potential of sintering, 

In general, ash melts can be classified as silicate melts. The compositional components can be 
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Viscosity tests where additions of calcium and sodium were made to intermediate to high-silica 
slags show a decrease in the viscosity at all temperatures. The result of decreasing viscosity of a liquid 
phase is to enhance. the rate of sintering or potential for agglomeration of ash particles producing a liquid 
phase of high alkali composition. 

Effect of Atmosohere on Surface Tension 

Results from three different coal slag surface tension tests conducted under oxidizing and reducing 
atmospheres are illusmated in Figure 3. Each point is labeled to identify the coal slag and the atmosphere 
under which the test was performed: Gascoyne Red (GRR, GRO), Gascoyne Blue (GBR, GBO) and 
Beulah (BSR, BSO) where "0' refers to oxidizing and "R" refers to reducing conditions. The oxidizing 
and reducing tests for each slag are connected with a straight line. In general, the surface tension of a slag 
is greater in a reducing atmosphere versus an oxidizing atmosphere. In addition, the temperature at which 
the ash pellet becomes completely liquid is higher in oxidizing atmospheres than in reducing atmospheres. 
Assuming a constant composition, viscosity decreases under reducing environments while surface tension 
increases. Given these facts the potential for sintering is enhanced in reducing versus oxidizing 
environments. 

Relation of Surface Tension to Comuosition and Viscosity and Its Effect on Sintering 

As previously discussed, surface tension and viscosity are important in governing the rate of 
sintering and the tendency of particles to agglomerate. Both surface tension and viscosity decrease with 
temperature while the rate of sintering increases (Figure 1). However, the rate of sintering shows an 
inverse relationship with viscosity and direct relationship with surface tension (Equation 2). Therefore, it 
is necessary to determine how viscosity and surface tension change relative to one another with changes in 
temperature and composition. 

A series of fifteen low-rank coal slags were studied as to viscosity, surface tension, and bulk 
composition as shown in Table 1. Of particular interest is the relationship of silica and sodium oxide to 
surface tension because of their prevalence in coals, agglomerates, and ash deposits, and their effect on 
viscosity. While fouling tendency may not be considered to be a rigorous measure of sintering it has some 
merit in this study. The adhesion and sintering of ash particles in a fouling deposit is produced under 
dynamic conditions where the relative motion of ash particles occurs along with impaction. As discussed 
earlier, the process of sintering begins when particles collide and adhere to each other. Therefore the initial 
adhesion of particles is an important step in initiating sintering. In a standard sintering test, the ash 
particles are packed and heated in a static conditions where no consideration of relative motion or 
impaction of ash particles occurs. Ashes which tend to agglowrate are designated with an "-H or " - M  
for high or moderate agglomerating tendency, respectively. Ashes which displayed a low tendency to foul 
or agglomerate are designated with an "-L". The classification is qualitative and determined by pilot-scale 
combustion and deposition results. 

In general, slags having higher silica content tend to have higher surface tension while slags high 
in sodium content have lower surface tensions. Figure 4 is a plot of the ratio of the mole fraction of Si02 
to N y O  as a function of surface tension. There is a separation between those ashes which have a lower 
tendency to agglomerate and those ashes which tend to agglomerate. This data along with viscosity data 
suggests that increased silica oxide content increases both surface tension and viscosity. An increase in 
sodium oxide content decreases both viscosity and surface tension. Figure 4 shows those coals 
characterized as low agglomerating ashes having increased silica content and higher surface tensions. 
Conversely, coals with increased sodium content have lower surface tension but have increased fouling 
and agglomerating tendency. These results seem to be contrary to the relations in Equation 1. Therefore 
the effect on sintering due to compositional variations must be due to the relative change in surface tension 
and viscosity with composition. 

decided to use a combination of experimental surface tension data with calculated viscosity values. The 
following assumptions were made in the Frenkel model: 

To determine the relationship of surface tension and viscosity as it varies with composition it was 
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o The particle radius (r) and time (ti) were assumed to be constant. Therefore 
x2 is proportional to m. 

o A modified version of the Urbain equation developed by Kalmanovitch (7) was used to 
calculate the viscosity of the molten phases at the temperature at which each surface tension 
measurement was taken. The equation used was based on its successful application in 
predicting viscosities in previous studies (4). 

In Figure 5 a plot of the calculated viscosities versus surface tension reveals some separation of 
low- and high-fouling coals. In general, the ratio of surface tension to viscosity is related to sintering 
potential (Equation 2). Those ashes observed to have low agglomerating behavior have low surface 
tension to viscosity ratios. Those ashes which tend to exhibit agglomeration have larger surface tension to 
viscosity ratios. 

CONCLUDING REMARKS 

The discussion here suggests the folloying relationships: 

o 

o 

o 

o 

Slag viscosity decreases while surface tension increases under a reducing atmosphere. The 
net result is increased sintering potential of an ash in a reducing versus oxidizing environment 
An increased silicon dioxide content increases the viscosity of a slag at a greater rate than the 
surface tension of the slag. The net result is reduced sintering. 
An increased sodium oxide content (possibly total alkali content) decreases the viscosity of a 
slag at a greater rate than the slag surface tension. The net result is an increase in sintering. 
Those ashes which tend not to sinter or agglomerate form molten phases which have higher 
viscosities relative to their surface tension at a given temperature and those ashes which tend 
to agglomerate form molten phases which have lower viscosities relative to their surface 
tension at a given temperam. 
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INTRODUCTION 

An understanding of the crystallization behavior of coal ash melts can provide 
insight into slag flow behavior and the development of ash deposit strength. Past 
studies have shown that both the strength and crystallization behavior of coal ash 
pellets during sintering experiment varies dramatically from one coal to another ( t ) .  Tangsathitkulchai (1) showed that the development of strength for selected 
bituminous ash pellets increased to a maximum and then decreased with increasing 
temperature. The decrease in strength was attributed to a high degree of crystalli- 
zation. The formation of the crystals was thought to change the physical properties 
of the pellet, thereby lowering the strength. Tangsathitkulchai found that lower 
ranked coal ashes exhibited a quite different behavior. These ashes exhibited a 
high degree of crystallization at lower temperatures and the strength appeared to 
increase with the degree of crystallization. In addition, no maximum in strength 
with temperature was found. 

Kalmanovitch (2) has shown the crystallization of specific components from coal ash 
melts changes the composition of the residual liquid phase. Therefore. the residual 
liquid phase in the deposit is more ilkely to be respon.sible for the sintering of 
the ash components. This may explain the differences in ash behavior noted by 
Tangsathitkulchai. Kalmanovitch was able to estimate the slagging propensities of 
coal ashes based on the nature of the residual liquid phases as a result of , 
crystallization of the primary components. 

The formation of tenacious deposits during the combustion of western U.S. coals has 
been correlated with the formation of crystalline alkali and alkaline earth alumino- 
silicates (3.4,5). It was suggested by these investigators that the key in under- 
standing the depositional processes related to these coals is to determine the 
mechanism of formation of these phases. 

In this paper. low-rank coals from the U.S. were combusted and deposits were formed 
in a laboratory scale laminar flow tube furnace. This system has been used to 
evaluate the fundamentals of coal ash deposition relative to utility boilers 
(6,7.8,9,10). In this test a thin ray of pulverized coal is burned in a tube 
furnace heated to simulate the temperature history of a utility boiler. To form a 
deposit. the fly ash is accelerated through a simple ceramic nozzle to a velocity 
similar to that in a boiler. The resultant fly ash is then impacted on an oxidized 
steel substrate held at a controlled temperature similar to that o f  a boiler steel 
surface. A coal feed rate of about one-third of a gram per minute is sufficient to 
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build a deposit within 30 minutes. The resulting deposits were examined to deter- 
mine rate of growth, strength, and microstructural features. 

The results presented in this paper are for deposits formed from selected western 
U . S .  coals under simulated slagging conditions. The deposits were characterized in 
detail using x-ray diffraction and scanning electron microscopy and electron micro- 
probe analysis (SEM-EDS) to determine the distribution of crystalline and amorphous 
phases. The distribution of these phases are compared to the strength of the 
deposits formed. 

EQUIPMENT AND PROCEDURES 

The test apparatus is shown in detail in Figure 1. The main furnace tube of 99.8 % 
fused alumina (6.35 cm internal diameter and 90 cm long) has a maximum heated length 
of 50 cm. The tube is heated by three tangentially-fired natural gas-air burners 
and the temperature is controlled by adjusting the air-to-fuel ratio. The injector 
and secondary air preheat section is located at the top of the furnace. The 
secondary air is preheated to approximately 900°C before entering the main furnace 
which was at 150OoC for these tests. In addition, the preheat/injector system is 
equipped with a flow straightener which evenly distributes the secondary air across 
the muffle tube cross-section. Depending upon the coal, the total air flow is 
between 3-4 L/min with a coal feed rate of 0.25-0.40 g/min. Estimated particle 
residence times within the furnace are between 1 and 2 seconds. At the exit of the 
furnace the gas stream and fly ash are accelerated by a ceramic nozzle to 
approximately 4 m/sec prior to impingement on a boiler steel substrate held at a 
controlled temperature as shown in Figure 2. The gas temperature at the ceramic 
nozzle was approximately 126OOC. The temperature of the boiler steel substrate was 
held at 50OOC. 

A device was developed to measure the strength of deposits after they were removed 
from the test furnace. It consists of two primary components as shown in Figure 3. 
a miniature horizontal translator and a miniature pressure transducer. The output 
of the transducer is read from a strain and transducer indicator and has maximum 
value of 5.5 MPa (750 psi). The strength of ash deposits was determined by 
Compressing them between the end of a steel rod and a stationary aluminum block. 
The deposits from the tube furnace are quite small (approximately 20 mm high and 5 
mm in diameter) and strength measurements can be made at 3 mm intervals. 

The deposits were examined to determine the variations in crystalline and amorphous 
phases. Bulk deposits were sectioned and ground for x-ray diffraction analysis to 
identify the crystalline phases. Deposits were also mounted in epoxy. allowed to 
harden, cross-sectioned, and polished for scanning electron microscopic examination. 
Both secondary and backscattered electron imaging were used to examine the morphol- 
ogy of the deposit cross-sections. Quantitative elemental analysis of specific 
regions within the deposits were performed with an energy dispersive x-ray detector. 

R E S U L T S  AND D I S C U S S I O N  

The coals combusted included two lignites from the Gascoyne mine of North Dakota and 
a subbituminous from the Wyodak mine of Wyoming. The analysis of these coals are 
summarized in Table 1. 
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The deposits formed from these coals were lightly sintered near the base of the 
deposit at the deposit substrate interface. As the deposit grew in the direction of 
the oncoming gas stream more sintering and fusing occurred as a result of higher 
temperatures. In some instances the tops of the deposits appeared to have been 
mol ten. 

The compressive strength of the deposits were measured from the base to the top of 
the deposit. Figure 4 illustrates the deposit strength versus height measured for 
the ash deposits produced from the three coals. The Gascoyne Blue deposit exhibited 
the greatest strength lower in the deposit as compared to the others. The Gascoyne 
White and the Wyodak deposits had very similar strengths but were weaker than the 
Gascoyne Blue. 

The crystalline phases common to these deposits and their chemistries are listed in 
Table 2. The crystalline phases identified in the deposit sections are summarized 
in Table 3. The distribution of phases are listed in order of decreasing abundance 
based on the intensity of the x-ray peaks. The abundance designation is only an 
estimate. 

The crystalline phases identified in the top portions of the Gascoyne Blue and 
Wyodak deposits consist mainly of complex alkali and alkaline earth aluminosilicates 
such as melilite and pyroxene. The top portion of the Gascoyne White deposit 
contained mostly amorphous material or glass. This may be due to the lower relative 
calcium content found in the ash of this coal. The calcium will act as a network 
modifier that can break up the glass network and aid in crystallization. In 
general, the base layer of the deposits, closest to the cooled steel substrate, 
contain lower quantities of the crystalline alkali and alkaline earth elements. The 
crystalline phases present in the base layers consist mostly of simple oxides such 
as quartz, lime, periclase and hematite. The silicates and aluminosilicates are in 
an amorphous form. The distribution o f  crystalline phases found in the base layer 
is similar to those found in fly ash. 

SEM-EOS analysis was used to examine the microstructure of polished deposit cross- 
sections. Backscatterd electron imaging was used to distinguish between the 
crystalline and glassy phases. Analysis of points and areas were performed to 
determine the composition of the glass and crystalline phases in the melts. 

Figure 5 is a backscattered electron image of a region near the top of the Gascoyne 
White deposit. The important features of the figure to note are the following: the 
deposit contains abundant glass material with small crystals growing within the 
glassy matrix, numerous partially reacted quartz grains, and that the crystals 
appear to nucleate from regions that appear bright. These bright regions contain 
high levels of iron as shown by the analysis of point 1 in Table 4. Point 2 has 
slightly lower iron content. These crystals are probably melilite based on their 
morphology and the x-ray diffraction analysis. The region that appears to be glass 
is quite homogeneous. A typical analysis of this region is point 3 in Table 4. The 
glass phase is very rich in sodium as compared to the crystalline phases. 

SEM-EDS examination of the Gascoyne Blue deposit cross-section indicated more crys- 
talline phases than glass material near the top. Figure 6 is a backscattered elec- 
tron image of a selected area. The area is highly crystalline consisting mostly of 
melilite and some pyroxene crystalline phases. The materials surrounding the 
crystals appear to be the glass phase. The crystals found in this deposit were 
about twice the size of those found in the Gascoyne White deposit. Point analyses 
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were performed on the crystals and glass material shown in Table 5 by analysis 1 and 
2, respectively. As can be seen by the analysis sodium was found to be concentrated 
in the glass and not in the crystals. 

Figure 7 is a backscattered electron image of region near the top of the Wyodak 
deposit polished cross-section. The deposit appears to very dense and 
crystalline. There are several types of crystalline phases present in the 
deposit. The darker crystals have lower concentrations of iron and calcium. These 
may be plagioclase crystals. The brighter crystals observed are probably 
melilite. The crystal growth was very dense and a good analysis o f  the glass phase 
was difficult. The composition of these crystals are listed in Table 6. This coal 
was very low in sodium content, but formed a strong highly-crystalline ash 
deposit. Besides the low-sodium content, the only difference between the Wyodak and 
Gascoyne coals is the Si/Al molar ratio. The high strength exhibited by this 
deposit may be due to the interaction of calcium with the aluminosilicates to form a 
low melting-point phase. 

The characteristics of the residual liquid phase after crystallization of the 
primary phases may influence the strength of these deposits. This is evident by the 
high concentrations of sodium in the glass or amorphous phase. Sodium containing 
phases have been identified as one of the primary causes of ash deposition in 
utility boilers firing Western coals (5). The sodium in the amorphous phase 
probably decreases its viscosity allowing continued sintering after crystallization 
has taken place. 

SUMMARY AND CONCLUSIONS 

The melting and sintering of deposited ash material rich in alkali and alkaline 
earth elements results in the formation o f  highly crystalline deposits. The 
crystalline phases identified include melilite, plagioclase, and pyroxene. 

The crystallization of components appears to be most pronounced when the ash is rich 
in sodium and calcium. Detailed characterization o f  deposit cross-sections 
indicates a partitioning of elements between the crystalline and glass phases. In 
both deposits from the Gascoyne lignite sodium was found to be concentrated in the 
glass phase. 

The deposit formed from the Wyodak coal was highly crystalline and developed a high 
strength. This coal did not contain very high sodium content. The only other 
difference between this coal and the lignites is the Si/Al molar ratio. The 
available calcium in the ash may have interacted with the aluminosilicate to form a 
low-melting point phase that allowed sintering to take place. 

The residual liquid phase after crystallization may be responsible for the 
development of  deposit strength, and deposit growth. Therefore, the relative 
amounts of glass and crystalline phases formed in deposits are important parameters 
that affect deposit strength and growth. 
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Table 1. Coal and ash analysis (all data on a dry basis except 
for the moisture determination). 

Gascoyne Gascoyne 
White Blue Wyodak 

Proximate, wt % 
Moisture 30.0 24.6 30.4 
Volatile Matter 41.6 47.5 43.8 
Fixed Carbon 41.3 42.3 47.7 
Ash 17.2 10.2 8.3 

Ultimate. wt % 
Carbon 57.0 63.1 67.4 
Hydrogen 3.8 4.2 4.8 

Oxygen (diff.) 19.7 20.1 17.8 
Sulfur 1.3 1.2 0.7 

Nitrogen 0.9 1.0 1.0 

Calorific Value 
(BTU/l b) 

Ash Composition, wt % 
as equivalent oxide 

si02 

A1203 
Fe203 
T i02  

'2'5 
CaO 

Na20 
MgO 

K20 
so3 
Si/Al Molar Ratio 

9649 

49.9 
12.0 
3.0 
1.4 
0.8 

12.4 
4.1 
3.5 
0.8 

12.2 
3.5 

10484 

22.5 
9.7 
5.0 
5.0 
0.7 

24.3 
8.2 
6.9 
0.1 

21.9 
2.0 

11818 

23.8 
14.8 
6.6 
1.2 
1.5 

22.8 
5.9 
0.7 
0.3 

22.4 
1.4 
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Table 2. Chemistry of crystalline phases identified by x-ray 
diffraction. 

Phase 

Melilite (solid solution series) 
Gehl eni te 
Soda melilite 
Akermani te 

Augite 
Diopside 

Albite 
Anorthite 

Pyroxene (solid solution series) 

Plagioclase (solid solution series) 

Spinel 
Hematite 
Lime 
Peri cl ase 
Quartz 
Anhydrite 

Chemistry 

Ca2A12Si07 
NaCaAl Si 207 
Ca2MgSi207 

NaAl Si 308 
caAl2si 208 
Fe304 - MgFe204 
Fe203 
CaO \ 

MgO 
Si02 
ca504 
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Table 3. Crystalline phases identified in the deposits using 
x-ray diffraction (phases listed in order of decreasing 
abundance). 

Deposit location Gascoyne White Gascoyne Blue Wyodak 

lop half ma jot : major: major: 

pyroxene trace: 
trace: p h g *  
quartz pyroxene 

spinel 
hemati te 
peri clase 

quartz me1 1 1  ite me1 i 1 ite 
amorphous minor: quartz 

Lower half 

Base 

major: 
quartz 
me1 i lite 
pyroxene 

spinel 
mi nor : 

major: 
auartz 

minor: 
me1 i 1 ite 
peri clase 
hematite 

major: major: 
me1 1 1  ite 
quartz quartz 

m i  nor : trace: 
pericl ase Ca3A1f06 
hematite peric ase 
pyroxene 1 ime 

major: major: 
periclase 1 ime 
hematite pericl ase 
lime quartz 

minor: minor: 

quartz 
amorphous trace: 

me1 i 1 ite 

me1 i 1 1  te Ca3A1206 

anhydrite 
me1 i l  ite 

* plag -- plagioclase (anorthite). 
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Table 4 EDS analyses o f  selected po in ts  located i n  Figure 5. 
( W t .  X as equivalent oxide) 

1 - Oxide 
s i02  23.9 
A1203 10.5 
Fe203 44.6 
Ti02 0.6 

CaO 12.6 
MgO 6.5 

'2'5 0.0 

Na20 0.9 
K20 0.1 
so3 0.2 
Si/A1 molar 

r a t i o  1.9 

2 
26.9 
13.5 
34.5 
2.6 
0.0 

13.9 
6.0 
1.1 
0.1 
0.3 

- 

1.7 

3 (Glass) 
59.7 
10.2 
0.9 
3.1 
0.0 

16.4 
2.5 
5.3 
0.5 
0.2 

5.0 

Table 5 EDS analyses o f  selected po in ts  i n  Figure 6. 
( W t .  X as equivalent oxide) 

Oxide 1 (Crystal)  

s iop  47.5 
A1203 9.8 
Fe203 8.9 
T i 0 2  1.0 
'2'5 0.0 

CaO 25.4 
MgO 6.1 
Na20 0.8 
K20 0.3 

Si/A1 molar r a t i o  4.1 
so3 0.1 
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2 (Glass) 

54.3 
13.0 
3.7 
0.5 
0.0 

21.4 
0.9 
5.2 
0.1 
0.0 
3.6 



Table 6 EDS analyses o f  selected points in Figure 7. 
(Wt. % as equivalent oxide) 

Oxide Bright Crystals Darker Crystals 

Si02 41.8 50.8 

A1203 17.2 27.5 

Fe203 7.8 1.4 
T i 0 2  2.0 0.0 

'2'5 1.4 0.0 

CaO 24.9 18.6 

MgO 4.1 0.4 
Na20 0.4 0.6 

K20 0.1 0.2 

so3 0.3 0.2 
BaO 0.0 0.4 
S i / A 1  molar ratio 2.1 1.6 
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Figure 1. Laminar f low tube furnace system. 
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Figure 2. Base o f  main furnace containing the ceramic 
nozzle (const r ic tor )  and ash deposition probe. 
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LEAD TO STRAIN INDICATOR 
AND RECORDER 

DEPOSIT \ ,PRESSURE TRANSDUCER 

I 1 
\LEAD TO TRANSLATOR 

SPEED CONTROL ALUMINUM BASE PLATE 

F i g u r e  3. D e p o s i t  s t r e n g t h  m e a s u r i n g  device. 

HEIGHT FROM BASE OF DEPOSIT, mm 

F i g u r e  4. D e p o s i t  s t r e n g t h  v e r s u s  he ight  fo r  deposits f o r m e d  i n  the laboratory 
scale furnace ( G a s c o y n e  B l u e ,  A G a s c o y n e  w h i t e ,  and W y o d a k ) .  
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Figure 5. Backscatter electron image of a polished section of Gascoyne White 
lignite deposit at 8.1 mn from the base o f  the deposit. 

Figure 6. Backscatter electron image of a polished section of a 
Gascoyne Blue lignite deposit at 14 m from the base. 
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Figure  7 .  Backscat ter  e l e c t r o n  image o f  pol ished sect ions  o f  
subbituminous coal deposits.  A)  Rosebud. B)  Wyodak. 

63 



EVALUATION OF COAL-MINERAL ASSOCIATION AND COAL CLEANABILITY 
BY USING SEM-BASED AUTOMATED IMAGE ANALYSIS 

W. E. Straszheim, K. A. Younkin, R. Markuszewski and F. J. Smitl 

Ames Laboratory, Iowa State University, Ames, Iowa 50011 and 
IAMAX Research and Development Center, Golden, Colorado, 80403 

ABSTRACT 

A technique employing SEM-based automated image analysis ( A I A )  has 
been developed for assessing the association of mineral particles with coal, 
and thus the cleanability of that coal, when the characteristics of the 
separation process are known. Data resulting from AIA include the mineral 
distribution by particle size, mineral phase, and extent of association with 
coal. This AIA technique was applied to samples of -325 mesh (-44 um) coal 
from the Indiana No. 3, Upper Freeport, and Sunnyside (UT) seams. The coals 
were subjected to cleaning by float-sink separations at 1.3, 1 . 4 ,  1.6, and 
1.9 specific gravity and by froth flotation. For the three coals, the 
float-sink procedure at a given specific gravity produced different amounts 
of clean coal, but with similar ash content. Froth flotation removed much 
less ash, yielding a product ash content of -8% for the Upper Freeport coal, 
regardless of recovery, while reducing the ash content to less than 5% for 
the other two coals. The AIA results documented significantly more 
association of minerals with the Upper Freeport coal, which thus led to the 
poor ash reduction. 

INTRODUCTION 

The task of removing mineral matter from coal is greatly aided by a 
thorough characterization of the distribution and/or association of mineral 
and coal particles. Conventional characterization, based on laboratory 
float-sink and froth flotation tests at different sizes and conditions, is 
cumbersome and does not generally lead to any clear understanding of coal- 
mineral matter associations. 

SEM-based automated image analysis (AIA) has unique capabilities for 
analyzing mineral particles in-situ for the important characteristics of 
size, phase, and association with the coal matrix. These AIA techniques 
have previously been applied to the determination of mineral matter size and 
phase distributions in coal (1-3) and are now being extended to the 
measurement of association. This work describes our application of AIA to 
characterize the association of minerals with coal and to correlate the AIA 
results with those of conventional tests such as float-sink separation and 
froth flotation. 

EXPERIMENTAL 
Coals 
- The characteristics of the three coals used in this study are 
presented in Table 1. 
325 mesh screen. Since the conventional analyses give values for ash, 
whereas AIA provides results in terms of mineral matter, low temperature ash 
values were also obtained for easier comparison with AIA measurements. 

The coals had been precleaned and ground to pass a 
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Table 1. Characteristics of the three coals used (results are expressed as 
X of dry coal) 

Indiana No.3 Upper Freeport Sunnyside 

Proximate Analysis 
Ash 7.35 9.88 5.19 
Volatile Matter 40.67 26.02 38-54 
Fixed Carbon 51.98 64.10 56.19 

Forms of Sulfur 
Total 4.26 1.56 0.61 
Pyrite 
Sulfate 

2.23 0.95 0.05 
0.07 0.01 0.00 

Low Temperature Ash 10.5 12.5 6.1 

Cleaning tests at AMAX 

gravities (sp. gr.) of 1.3, 1.4, 1.6, and 1.9, and samples from each 
incremental sp. gr. range were weighed and analyzed. Another set of samples 
was subjected to froth flotation in an automated Denver batch cell, using 28 
ppm MIBC and 0.54-1.92 ml kerosene per kg of coal. 
after 1.5, 3, 6, 12, and 24 minutes, and the remaining unfloatable material 
(tailings) was also collected for analysis. 

SEM-based image analyses at Ames Lab 
q i n  carnauba wax, and a cross section was 
prepared for analysis as described previously (4). 
a JEOL JSM-U3 electron microscope, a Tracor-Northern TN-2000 energy- 
dispersive x-ray analyzer, and a LeMont Scientific DB-10 image analyzer. 
Samples were examined at magnifications of 300-400 diameters using an 
accelerating voltage of 25 kV and a beam current of 1-2 nA. 

mineral features from the background and from each other based on the 
brightness of their backscattered electron signal. 
measured for each feature, along with the fraction of perimeter in contact 
with each of the adjoining phases. Mineral particles were identified from 
the relative intensities of the characteristic x-ray emissions. 
collected for 4 seconds per particle at a nominal rate of 500 counts per 
second. 
coal and mineral matter) were grouped together so that the characteristics 
of the composite features could be determined. 

The coals were subjected to float-sink separations at the specific 

Froth was collected 

The AIA system included 

Software from LeMont Scientific was used to distinguish coal and 

Area and perimeter were 

X-rays were 

Data for contiguous features (i.e., with shared boundaries between 

RESULTS AND DISCUSSION 

Conventional cleaning studies 

Data are presented for both the incremental fractions and for the cumulative 
fraction lighter than the indicated specific gravity. Plots of recovery and 
cumulative ash content are shown in Figure 1. 

The results of the float-sink separations are presented in Table 2. 
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Table 2. Float-sink results for three coals (results are expressed as X of 
dry coal) 

~ _ _ _ _ ~  

Sp. Gr. Incremental Cumulative 

Sink Float Weight Ash S(tot) Weight Ash S(tot) 

Indiana No. 3 Coal 
............................................................................ 

1.30 24.0 1.09 2.31 24.0 1.09 2.31 
1.30 1.40 64.5 3.23 2.45 88.5 2.65 2.41 
1.40 1.60 4.7 15.86 4.52 93.2 3.32 2.52 
1.60 1.90 1.5 29.14 7.34 94.7 3.72 2.59 
1.90 5.3 64.32 32.47 100.0 6.95 4.18 

Upper Freeport Coal 

1.30 7.1 0.98 0.71 7.1 0.98 0.71 
1.30 1.40 70.1 2.60 0.75 77.2 2.45 0.75 
1.40 1.60 12.9 12.21 1.03 90.1 3.85 0.79 
1.60 1.90 3.8 31.77 1.49 93.9 4.98 0.82 
1.90 6.1 70.94 10.78 100.00 8.99 1.42 

Sunnyside Coal 
............................................................................ 

1.30 23.6 0.57 0.57 23.6 0.57 0.57 
1.30 1.40 67.1 1.66 0.57 90.7 1.38 0.57 
1.40 1.60 5.4 13.82 0.54 96.1 2.07 0.57 
1.60 1.90 0.8 38.26 0.48 96.9 2.37 0.57 
1.90 3.1 81.10 0.67 100.0 4.85 0.57 

As expected, the ash contents were relatively similar for the three 
coals for the same incremental specific gravity fraction. However; since 
the weight distribution among the fractions varied between the coals, the 
ash content of the cumulative fractions also varied somewhat between the 
coals. 

the Indiana No. 3 and Sunnyside coals. This suggests comparable coal- 
mineral association for these coals, provided that their mineralogical 
properties are similar. 
Freeport coal. 
range (as seen from Table 2). This resulted in a higher ash content for the 
1.6 and 1.9 sp. gr. float product. 

The curves in Figure 1 indicate that the recoveries were similar for 

The recovery was notably lower for the Upper 
Much more sample was found in the 1.4-1.9 specific gravity 

Results of the froth flotation tests are shown in Table 3 and Figure 
2. The recovery curves for all three coals flattened out after about 6 
minutes collection time. 
responsive to the froth flotation, showing more recovery at shorter times. 
However, this reflects more the hydrophobicity of the coal than the degree 
of association of the mineral.matter with the coal. 

The Upper Freeport coal appears to have been more 
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Table 3. Froth flotation results for all three coals using 28 ppm MIBC and 
differing ml of kerosene per kg of coal (results are expressed as 
4: of dry coal) 

Incremental Float Product Cumulative Float Product 
Flotation Time, 
Total Minutes Weight Ash S(tot) Weight Ash S(tot) 

Indiana No. 3 coal(using 1.92 ml kerosene) 

1.5 51.5 4.30 3.34 51.5 4.30 3.34 
3.0 24.2 4.58 3.26 75.7 4.39 3.31 
6.0 12.3 5.53 3.49 88.0 4.55 3.34 

12.0 3.6 8.27 4.04 91.6 4.69 3.37 
24.0 3.0 13.23 5.06 94.6 4.97 3.42 

TaiIiiigs 5.4 27.62 8.78 100.0 6.19 3.71 

Upper Freeport coal ------___-_-__-___-_-------------- 
1.5 62.8 7.66 
3.0 28.9 9.29 
6.0 5.9 12.59 

12.0 1.0 36.25 
--?4;0-- 0.6 77.86 
TaiIings 0.8 85.65 

(using 0.54 ml kerosene) 
-__-___---_____--___----------_----------- 

1.36 62.8 7.66 1.36 
1.53 91.7 8.17 1.41 
1.83 97.6 8.44 1.44 
4.27 98.6 8.73 1.47 
8.46 99.2 9.12 1.51 
9.17 100.0 9.74 1.57 

Sunnyside coal (using 0.55 ml kerosene) 
--_---_---___-______------------_---------------__-------------------------- 

1.5 36.0 3.03 0.56 36.0 3.03 0.56 
3.0 30.9 2.95 0.58 66.9 2.99 0.57 
6.0 23.9 3.67 0.57 90.8 3.17 0.57 

12.0 2.8 4.59 0.59 93.6 3.21 0.57 
24.0 1.5 7.37 0.58 95.1 3.28 0.57 

T Z i I i i i i S  4.9 46.93 0.63 100.0 5.41 0.57 

From Figures 1 and 2 ,  it is also evident that much less ash reduction 
was achieved by froth flotation than by float-sink separation for all three 
coals. Since froth flotation is a surface-sensitive process, small amounts 
of coal attached to mineral particles can result in these mineral particles 
being carried along to the froth. 
significant for the Upper Freeport coal, for which minimal ash reduction was 
observed, apparently due to its great hydrophobicity. Examination of ash 
content of the incremental fractions in Table 3 indicates that after 6 
minutes, the ash content of the incrementally recovered material rises 
dramatically, nullifying the small amount of ash reduction achieved 
previously. For the Upper Freeport coal, practically all of the mineral 
matter could float if given enough time. For the Indiana No. 3 and 
Sunnyside coals, on the other hand, some mineral matter simply would not 
float at all. 

This effect appears to be especially 
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AIA results compared to float-sink results 

the incremental and cumulative percent distributions of coal, mineral 
matter, and coal+mineral matter as a function of the amount of mineral 
matter apparent in the particle cross sections. The cumulative distribution 
relates how much of the original sample (i.e., coal plus mineral matter) 
could be recovered by collecting particles of a certain mineral matter 
content. 

4 ,  can be translated to a specific gravity estimate, assuming a coal density 
of 1.30 and an average mineral density of 2.60. Thus, a specific gravity of 
1.3 corresponds to 0% mineral matter, 1.4 to 20%, 1.6 to 40%, 1.9 to 60%, 
and a specific gravity of more than 1.9 corresponds to 100%. In this 
manner, the distributions of Table 4 may be correlated with float-sink 
results. Such AIA results are plotted in Figure 3 ,  and they can be used for 
comparison with the float-sink separation results in Figure 1. 

results in Figures 3 and 1, respectively. The recovery curves for the three 
coals generally appear in the same order in both figures. The recovery of 
the Sunnyside coal is greater than that of the other two coals, and the 
Indiana No. 3 coal generally shows higher recovery than the Upper Freeport 
coal for separations at specific gravities greater than 1.4. Likewise, the 
ash (or mineral) content curve for the Sunnyside coal is consistently below 
those of the other two coals. Unfortunately, the influence of stereological 
effects on the AIA results prevents a completely quantitative comparison of 
the AIA and float-sink results. 

However, because the same qualitative trends appear in both figures, 
AIA results can be more useful since they can be obtained much faster than 
the float-sink results. During routine operation, sample preparation for 
AIA requires about 2 hours and the analysis less than 20 hours per sample. 
At least one sample per day can be analyzed with our equipment, but 
allowance for sample preparation and data reduction could result in a two- 
day sample turnaround. Such throughput is better that what can be achieved 
by testing with float-sink separation followed by ash analysis. 

The association results for the three coals, included in Table 4, show 

The mineral matter content in a particle, listed in column 1 of Table 

Several parallel trends may be noted between the AIA and float-sink 

AIA results compared to froth flotation results 

results. 
as they appear in Table 4 .  
obtained. The AIA results in Table 4 do show more association of minerals 
with the Upper Freeport coal. The plots in Figure 4 show the distribution 
of coal and mineral matter for the mixed (i.e., coal plus mineral matter) 
particles of the three coals taken from Table 4 ;  free coal has been 
excluded. It can now be seen graphically that the Upper Freeport coal 
contains more mineral matter in this type of particle. In fact, the average 
mineral content of the mixed particles (i.e., the associated coal-mineral 
fraction) of the Upper Freeport coal is 45%, compared to only 26% and 29% 
for the Indiana No. 3 and Sunnyside coals, respectively. 

However, even with these coal-mineral association insights, the 
previously stated tendency for the Upper Freeport coal to respond more to 
froth flotation than the other two coals appears to be the determining 
factor in the poor mineral removal for this coal. 
matter in the Upper Freeport coal can float, even with very little coal 
associated with it. However, this issue cannot be answered by AIA alone and 
requires further study by other analytical techniques. 

It is more difficult to relate the AIA results to froth flotation 
No comparable set of curves can be produced using the AIA results 

However, some useful information can still be 

Apparently, the mineral 
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Table 4 .  Distributions (in %, dry basis) of coal and mineral matter for all 
three coals, as a function of particle mineral matter (MM) content 

Incremental Cumulative % MM in 
MM Cumulative 

Content Coal M M  Total Coal M M  Total Total 

. - - ----_ - - - - 
0 

0-10 
10-20 
20-30 
30-40 
40-50 
50-60 
60-70 
70-80 

. - - -_- - 
61.61 
14.32 
5.51 
2.86 
2.34 
0.87 
0.96 
0.65 
0.53 

Indiana No. 3 coal 

0.00 61.61 
0.58 14.90 
1.04 6.55 
0.96 3.82 
1.27 3.61 
0.72 1.59 
1.17 2.13 
1.27 1.92 
1.62 2.15 

-___------------- 
61.61 0.00 
75.93 0.58 
81.44 1.61 
84.30 2.57 
86.64 3.85 
87.51 4.57 
88.47 5.73 
89.12 7.00 
89.65 8.62 

61.61 0.00 
76.50 0.75 
83.05 1 .94  
86.88 2.96 
90.49 4.25 
92.08 4.96 
94.21 6.09 
96.12 7.28 
98.28 8.78 

80-90 0.20 1.14 1.34 89.85 9.77 99.62 9.80 
0.01 0.36 0.38 89.87 10.13 100.00 10.13 

Total 89.87 10.13 100.00 
- - -  90-100 

________________________________________----------------------------------- 
Upper Freeport coal 

________________________________________----------------------------------- 
0 73.35 0.00 73.35 73.35 0.00 73.35 0.00 

0-10 4.62 0.20 4.82 77.97 0.20 78.17 0.26 
10-20 3.32 0.57 3.88 81.28 0.77 82.06 0.94 
20-30 1.25 0.43 1.68 82.53 1.20 83.73 1.43 
30-40 1.24 0.64 1.88 83.77 1.84 85.61 2.15 
40-50 0.95 0.75 1.70 84.72 2.59 87.32 2.97 
50-60 1 . 1 4  1.30 2.44 85.86 3.89 89.75 4.34 
60-70 0.94 1.79 2.73 86.81 5.68 92.48 6.14 
70-80 0.31 0.88 1.19 87.11 6.56 93.68 7 .01  
80-90 0.67 3.83 4.50 87.78 10.39 98.17 10.59 

0.11 1 . 7 1  1.82 87.89 12.11 100.00 12.11 
Total 87.89 12.11 100.00 

- - -  90-100 

________________________________________----------------------------------- 
Sunnyside coal 

________________________________________----------------------------------- 
0 84.28 0.00 84.28 84.28 0.00 84.28 0.00 

0-10 6.06 0.32 6.38 90.34 0.32 90.66 0.35 
10-20 1.88 0.31 2.19 92.22 0.63 92.85 0.68 
20-30 0.86 0.27 1.13 93.08 0.90 93.97 0.95 
30-40 0.66 0.37 1.04 93.74 1.27 95.01 1.34 
40-50 0.85 0 .71  1.56 94.59 1.98 96.57 2.05 
50-60 0.27 0.32 0.59 94.86 2.30 97.16 2.37 
60-70 0.25 0.46 0.71 95.11 2.77 97.88 2.83 
70-80 0.25 0.74 0.99 95.36 3.51 98.87 3.55 
80-90 0.10 0.55 0.65 95.46 4.06 99.52 4.08 

90-100 0.04 0 .44  0.48 95.49 4.51 100.00 4.51 
Total 95.49 4.51 100.00 
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CONCLUSIONS 

Automated image analysis was used to determine the association of 
mineral features with coal, and the results were expressed in a format that 
provided insight into the float-sink response of the sample. Qualitatively 
similar trends were observed for the conventional float-sink and the AIA 
results; however, quantitative comparisons are currently limited by 
stereological effects on the AIA results. 

The AIA results, as developed and presented in this work, provide less 
direct insight into the froth flotation behavior. However, there did appear 
to be a correlation between the large amount of mineral matter in the mixed 
particles of the associated coal and mineral fraction measured by AIA and 
the poor ash rejection from the Upper Freeport coal during froth flotation. 
Work is continuing on other AIA reporting formats which could be more 
directly related to froth flotation. 

either of the conventional cleaning tests. This suggests that AIA may be 
useful in monitoring the character of feed to a preparation plant, 
particularly since AIA is able to detect differences in the association of 
coal and mineral matter particles. 

AIA results can be obtained considerably quicker than results from 
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COMPARISON OF COMBUSTION DEPOSITS FROM BITUMINOUS COALS AND A LIGNITE 

F. E. Hugginsl, G. P. Huffmanl, 

Departments of Geological Sciences1 and Chemical Engineering2, 
University of Kentucky, 
Lexington, KY 40506 

and A. A.  Levasseur 

Kreisinger Development Laboratory, 
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P.O. Box 500, 
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INTRODUCTION 
Deposits generated during combustion of pulverized coals are 

determined to a large extent by the type, relative amounts, size, and 
association of the different inorganic species present in the coal. 
In this investigation, we examine and compare the inorganic con- 
stituents in various samples of two bituminous coals and of a Texas 
lignite and the deposits generated from these coals in the same test 
furnace. Whereas the principal basic mineral in the bituminous coals 
is pyrite, which is found in these coals in relatively coarse particle 
form, the principal component in the lignite is carboxyl-bound 
calcium, which is highly dispersed throughout the lignite macerals. 
These situations can be considered to represent different ends of the 
spectrum with respect to the size and distribution of the major basic 
component of the inorganic species. 

The mineral matter of the coals was characterized using a 
combination of computer-controlled SEM (CCSEM) and Mossbauer spectro- 
scopic methods. Similar techniques were used to examine deposits. 

EXPERIMENTAL 
la) Samples: 
The Illinois #6 coal was obtained as a combustion product (I1#6- 

Base) and as a cleaned metallurgical product (I1#6 - Met). The other 
two coals, a Kentucky #9 coal and a Texas Lignite, were subjected to 
cleaning at the EPRI Coal Cleaning Test Facility, near Homer City, PA. 
A medium-cleaned product (Xy#9 - MCln) and a deep-cleaned product 
(Ky#9 - DCln) were prepared from the original Kentucky #9 coal (Ky#9- 
Raw) and a cleaned product (TexL - Cln) was prepared from the original 
lignite (TexL - Raw). Pulverized coal samples were prepared from the 
original coals and the cleaned products. These coals were then burnt 
in the Fireside Performance Test Facility (FPTF) at Combustion 
Engineering and a variety of deposit samples were collected, including 
in-flame solids, superheater deposits and waterwall deposits. 

lb) Techniuues: 
The combination of Mossbauer spectroscopy and CCSEM for the 

determination of coal mineralogies has been described in detail else- 
where (1). Basically, the CCSEM technique determines quantitatively 
the types, relative amounts, and size distributions of the major 
discrete minerals in the coal, whereas Mossbauer spectroscopy provides 
more detailed complementary information regarding the iron-bearing 
minerals, in particular pyrite. For lignites, however, the CCSEM 
method does not determine the carboxyl-bound inorganics dispersed in 
the lignite macerals. These components were semi-quantitatively 
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estimated from a comparison of the discrete mineralogy and the overall 
inorganic composition as revealed by wide area energy dispersive X-ray 
scans or the chemical analysis of the high-temperature ash. 

For samples generated in the FPTF, Mossbauer spectroscopy was used 
to document the behavior of iron in the various deposits and optical 
and electron microscopic techniques were used to examine the micro- 
structure and mineralogy in polished sections of the deposit mounted 
in epoxy. Much reliance was placed on elemental X-ray and back- 
scattered electron intensity mapping techniques in the CCSEM to 
document element distributions and associations. 

Some exploratory extended X-ray absorption fine-structure (EXAFS) 
spectroscopy measurements were made at the calcium K-edge to invest- 
igate the form of occurrence of Ca in the Texas lignite and Illinois 
#6 coal and in deposits generated from the coals. These measurements 
will be discussed in detail elsewhere and will merely be mentioned 
here in passing where information from the EXAFS technique corrobo- 
rates or supplements data from the other techniques. 

cleaning; however, there is little change in the discrete mineralogy 

affected. 
1 It should be noted, however, that cleaning reduces the basic 

mineral content of the bituminous coals, but increases the proportion 
of basic inorganics for the Texas lignite. 
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TABLE la: COAL MINERALOGIES BY CCSEM+ 

Kentucky #9 Illinois #6 Texas Lignite 

Mineral Raw MCln DCln Base Met. Raw Cln 

quartz 14 16 24 17 20 47 36 
Kaolinite 2 4 5 8 9 3 12 
Illite 3 6 9 10 17 3 3 
Misc. Sil. 22 26 21 28 31 3 4  28 

------- 

Pyrite 29 19 16 22 11 3 9 
Gypsum 8 3 3 2 2 
Fe sulfate 2 5 4 1 2 
Misc. Sulf. 5 3 3 2 2 

Fe-rich 1 6 6 <1 2 1 2 -- 8 <1 2 1 Ca-rich -- -- 
Misc., mixed 1 4  12 9 2 4 6 8 

-- -- 
-- -- 
-- -- 

------- 
+Data expressed as percentage of mineral matter 

TABLE lb: MOSSBAUER DATA ON DISTRIBUTION OF IRON 

Kentucky #9 Illinois #6 Texas Lignite 

%Fe in Raw MCln DCln --- 
Pyrite 65 60 48 
Clay 3 4 3 
Szomolnokite 1 
Jarosite 32 26 33 

11 16 Magnetite -- 
-- -- 

Base Met. 

87 84 
5 

7 
5 11 

-- 
-- -- 
-- -- 

Raw Cln -- 
71* 67* 

14 8 
15* 25* 

-- -- 

-- -- 
Wt% Pyr. S 1.30 0.81 0 . 3 4  1.05 0.48 0.32 0.17 

*Absorptions are broad: may include minor FeOOH 
------- 

f b )  Deposits: 
(i) In-flame solids: The samples of in-flame solids collected 

from in or near the flame region during the burning of the bituminous 
coals consisted, for the most part, of very loose aggregates of fly- 
ash cenospheres. Compositions of the individual cenospheres as 
revealed by EDX spectra and CCSEM mapping were highly variable re- 
flecting the different associations of minerals in the coal particles. 
As might be expected, the fly ash particles were smaller and more 
uniform in size for the cleaned coals compared to the raw coals. 
Occasionally, these aggregates had nuclei of more highly agglomerated 
material or of large pieces of incompletely burnt char. Iron in all 
the samples was distributed among glass (both ferric and ferrous 
components), magnetite, and minor hematite. No iron sulfide or 
crystalline iron silicate phase could be discerned from the Mossbauer 
Spectra. Typically over 50% of the iron was present in glass and the 
cleaned lignite had the most Fe in this form, up to 90%. Extensive 
reaction between silicates and pyrite must occur very rapidly in the 
initial combustion process in the flame. 
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Coal 

TABLE 2: MINERAL SIZE DISTRIBUTION DATA FOR COALS 

Size Distribution Data - All Minerals 

Ky#9 - Raw 
- MCln - DCln 

I1#6 - Base - Met. 
TexL - Raw - Cln 

Coal 

Ky#9 - Raw - MCln 
- DCln 

I1#6 - Base - Met. 
TexL - Raw - Cln 

<2.5pm 2.5-5pm 5-10pm 10-20pm 20-40pm >40pm 

20 14 21 25 14 7 
27 21 23 16 11 1 
27 29 26 12 4 2 

21 16 19 21 11 12 
30 17 22 17 6 7 

21 7 13 14 21 23 
21 15 2 0  16 13 16 

Size Distribution Data - Pyrite 
<2.5pm 2.5-5pm 5-10pm 10-20pm 20-40pm >40pm 

9 6 25 22 21 17 
10 15 24 21 30 0 
14 16 35 26 9 0 

9 6 18 31 2 0  16 
16 11 29 27 14 4 

Size Distribution Data -.Quartz 

Coal <2.5pm 2.5-5pm 5-10pm 10-20pm 20-40pm >40pm 

Ky#9 - Raw 15 22 33 24 4 3 - MCln 22 25 30 13 2 0 - DCln 17 31 36 a 2 6 

I1#6 - Base 13 22 38 16 3 a - Met. 21 18 24 13 1 24 

TexL - Raw 10 5 10 13 31 31 - Cln 16 16 20 19 17 12 

fiila SuDerheater Deposits - Initial: The initial superheater 
deposits from the bituminous coals are composed of largely undeformed 
silica and aluminosilicate cenospheres, less regular spherical 
particles rich in Fe and Si or Ca and S ,  and highly deformed Fe-rich 
particles. The latter particles often appear to be molded around the 
more rigid spheres, probably as a result of collision, and to be the 
f*glueff that cements the deposit together. The interparticle contacts 
are quite sharp, indicating’that little, if any, chemical reaction has 
taken place. Mossbauer data indicate a significant enrichment in 
iron by more than 50% for this type of deposit (Fig. 3), which also 
reinforces the’ importance of the iron particulate matter in the 
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cohesion of the deposit. In contrast to the in-flame solid samples, 
only 5-15% of the iron is present in glass, with the other 85-95% in 
the form of iron oxides, predominantly hematite. 

Mossbauer data for the lignite superheater deposits, however, show 
no such enrichment in iron and less than 20% of the iron is present in 
magnetic oxides. For these deposits, iron does not appear to play a 
similar role to that in the bituminous coals. In this case the 81glue88 
material may be calcium sulfate as this phase was shown by EXAFS 
spectroscopy to be very abundant in the initial deposit. 

(ii)b Superheater DeDOSitS - Outer: The structure of the outer 
superheater deposit is derived from the initial superheater structure 
by partial fusion and blending of the different fly-ash particulate 
matter. Many larger Fe-rich and Si-rich particles, however, persist 
unassimilated in the matrix so that the aluminosilicate particles 
become important at this stage as the major bonding phase. Partial 
fusion of these particles coupled with incorporation of all potassium 
and calcium phases and an appreciable fraction of the iron particles 
into this partial melt creates an extensive continuous framework. 
When frozen, these deposits were extremely tough and resistant to 
fracture because of this structure. For the bituminous deposits, 
Mossbauer data indicate that there is only a very minor enrichment of 
iron in these deposits compared to the in-flame solids and that there 
is a significantly higher percentage of iron in glass compared to the 
initial deposit. 

The lignite outer superheater deposits varied from lightly sint- 
ered fly-ash to highly agglomerated amber-brown vitreous material. 
Fly-ash relicts, mostly large quartz particles and a few Fe-rich ceno- 
spheres, persist in less agglomerated areas and diminish in abundance 
with increasing agglomeration. The matrix is rich in calcium, alum- 
inum and silicon and appears to have formed by reaction between Ca- 
rich and aluminosilicate particles. The matrix is quite highly 
crystallized with melilite (Caa (Al,Mg,Fe,Si) 2Si07) and anorthite 
(CaA12Si208) being the most common phases. Melilite tended to occur 
in the less agglomerated areas whereas anorthite was found in the more 
highly agglomerated areas. 

(iii) Waterwall DeDOSitS: An initial and outer waterwall deposit 
was collected for each coal. The initial deposit consisted of thin 
deposit whereas the outer deposit was considerably thicker and often 
collected in large masses. Mossbauer data showed some differences 
between the initial and outer deposits in that the initial deposits 
always contained more iron as oxides (except for the lignite), had a 
higher Fe3+/Fe2+ ratio for the glass, and had less A1 substituted for 
Fe in hematite, based on the magnetic hyperfine splitting parameter 
for this phase. However, there was little difference in the amount of 
iron between corresponding samples of waterwall deposit (Fig. 3 ) .  

The microstructure of the outer waterwall deposits from the 
bituminous coals varies significantly from the wallside to the 
fireside. At the immediate wallside is a thin layer that resembles 
the outer superheater deposit in that considerable fly-ash structure 
is present in a partially fused matrix. This layer is typically 
discontinuous towards the wall and offers a somewhat tenuous 
connection between the wall and the main body of the waterwall 
deposit. The continuous part of the deposit nearest the wallside 
exhibits a similar structure. Upon moving away from the wall, the 
relict Si-rich cenospheres are quickly assimilated into the matrix 
whereas the Fe-rich cenospheres fragment as the iron oxide 
equilibrates with the matrix. Upon moving further into the middle of 
the deposit, the Fe-rich fragments become increasingly angular and are 
eventually superseded by well crystallized, often skeletal, crystals 
of iron oxides. At the same time the glassy matrix becomes more 
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uniform in compo.sition and appearance. On moving closer to the 
fireside, the iron oxides become less frequent and mullite laths begin 
to appear. At the immediate fireside, mullite occurs along with glass 
and the iron oxides occur as extremely fine scale dendrites. This 
latter phase probably developed upon cooling and was not present at 
temperature. 

Similar microstructural changes are seen for the outer waterwall 
deposits from the lignite, but with different phases. In the adhesive 
layer, the fly-ash material is very calcium rich and contains 
appreciable sulfur and some Fe-rich particles. Large relict quartz 
particles are found near the wall and these appear to be only very 
slowly assimilated into the matrix. The matrix structure near the 
wall is fine-grained and chaotic, but coarsens considerably towards 
the center of the deposit as melilite crystallizes. Upon moving 
further towards the fireside, fewer quartz relicts are observed and 
the melilite crystallization is replaced by anorthite. In addition, 
crystallization of some minor phases such as calcium ferrites occurs 
in the outer waterwall samples. 

For the raw Texas lignite sample, relict quartz was significantly 
more abundant than for the cleaned lignite sample. Furthermore, it 
appeared that the quartz was not so easily incorporated into the 
matrix of the raw lignite waterwall deposits. Occasionally, it was 
noted that a mantle of immiscible liquid was formed around the quartz 
particles that hindered the assimilation of this mineral into the Ca- 
rich matrix. 

CONCLUSIONS 
Despite significant differences in chemical composition, the 

microstructures of the lignite and bituminous deposits were quite 
similar and it would be difficult to identify a particular deposit as 
coming from a given coal in the absence of compositional information. 
However, this implies that similar structures can be brought about by 
quite different chemical interactions. In particular, the role of 
iron oxides in the initial formation of the superheater deposits and 
possibly also for the waterwall deposits from the bituminous coals is 
not evident for the lignite deposits. For these latter deposits, 
calcium sulfate may play a similar critical role, but this remains to 
be demonstrated. Partial fusion of the aluminosilicates accompanied 
by assimilation of basic cations into the matrix appears to be the 
principal cementing mechanism of both types of deposit, once they are 
established. As the deposits thicken and are subject to higher temp- 
eratures, the melts become more homogeneous and their mineralogy and 
behavior are largely governed by phase equilibria considerations. 

In both types of deposits, relict Fe-rich and quartz fly-ash part- 
icles resist assimilation into the aluminosilicate matrix. In the 
case of the bituminous deposits, the abundance of iron oxide is such 
that it is either the liquidus phase or close to it. Hence, the 
aluminosilicate melts, except at very high temperatures, are effect- 
ively saturated with iron. In the case of the lignite deposits, 
quartz particles are generally quite large and assimilation in the 
melt is probably retarded because of sluggish reaction kinetics and 
also perhaps liquid immiscibility. This effectively makes the melt 
more basic than it should be and enables the crystallization of basic 
phases such as melilite. However, as quartz is absorbed into the melt 
and the composition becomes more acidic, anorthite takes over as the 
major crystallizing phase, as would be predicted from the Ca0-A1203- 
Si02 phase equilibria diagram. 
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Figure 1: Mossbauer spectrum of the deep-cleaned Kentucky #9 coal 
showing the contamination by magnetite (M) from heavy-media cleaning. 
Other iron-bearing minerals present in the spectrum are pyrite (P), 
jarosite, (J) and ferrous-bearing clay (c). 
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Figure 2: Size distribution data for all minerals (upper) and pyrite 
(lower) in Kentucky #9 coals. Data are expressed as wt% of the coal. 
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Figure 3: Histogram showing the significant enrichment in iron (based 
on the Mossbauer effective thickness parameter, Xeff/gm) for the 
initial Superheater deposits from the raw bituminous coals and the 
lack of iron segregation exhibited by the lignite. 
Key: IFS - in-flame solids; SH-I : initial superheater; S H - 0  - outer 
superheater; WW-I - initial waterwall; WW-0 - outer waterwall. 
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INTRODUCTION 

One of the most difficult problems in developing diagnostic methods for coal 
combustion research is that of determining the composition of entrained coal, 
char, and mineral matter particles in the combustion zone. We have employed 
two laser-based techniques for the simultaneous measurement of the size, 
velocity, and elemental composition of particles in combustion flows. Laser 
spark spectroscopy [1,2], also called laser induced breakdown spectroscopy 
(LIBS) 131, is used t o  determine the elemental composition of coal particles. 
Sizing measurements are done using two-color laser light scattering [ 4 ] .  

Laser spark spectroscopy is a variation of conventional emission spectroscopy 
which uses a focused pulsed laser beam to generate an optical breakdown, 
commonly called a laser spark or  a laser induced plasma. The origin and uses 
of this technique are well summarized 151. Many of its properties are similar 
to those of conventional arc or spark plasmas as discussed in standard texts 
on spectrochemistry [ 6 ] .  As with conventional techniques, the laser spark 
allows simultaneous multi-element detection. An important advantage is the 
ability to obtain information in hostile environments, in situ, where elec- 
trodes cannot be introduced. 

Two principal applications for this technique are proposed. The first is 
the simultaneous measurement of size, velocity, and composition of single 
particles and is primarily an analytical research tool for coal combustion 
studies. The second is the measurement of bulk properties before, during, and 
after combustion by coaddition of hundreds or thousands of individual spectra. 
This can be envisioned as an on-line monitor in an operating combustor. 
experiments have elucidated the advantages and difficulties which will be 
encountered in these applications. 

Our 

INSTRUl4ENTATION 

The apparatus was arranged so that sizing and spectroscopic information could 
be obtained simultaneously. A general apparatus diagram for all experiments 
is shown in a top view in Figure 1. 
using a two-color colinear beam has been more fully described elsewhere [ 4 ] .  

Measurement of  particle size and velocity 
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Figure 1. Top view of laser sizing and spark spectroscopy system. 

Light Scattering Instrumentation 

The two-color scattering technique permits an accurate estimate of particle 
size and velocity. 
beam splitter cube. 
the common focal volume was viewed with two photomultiplier tubes: one in the 
near-forward direction, and the other at 90 degrees to the laser beam axis. 
Particle scattering signals were used to fire a pulsed Nd:YAG laser, creating 
a high temperature laser spark from the particle. 

This technique can be very satisfactorily calibrated to measure particle size 
by using regularly shaped particles and orifices. 
calculated from a knowledge of the Ar-ion laser beam waist diameter and the 
transit time of a particle determined from the l/e points in the measured 
near-forward scattered light intensity. 

Laser Spark Instrumentation 

Spectra were generated from the plasma formed by the focused Nd:YAG laser beam 
(Quanta Ray DCR-2, Q-switched, oscillator only). 
110 mJ per pulse at 5320 A. 
spectra were timing, optical alignment, and temporal resolution. 
ance at the focus of the Nd:YAG laser beam was adjusted to ensure breakdown 
would occur only in the presence of a particle in the focal volume. 
eliminated spurious data from a triggered breakdown of the entrainment gases. 

The operation of the Nd:YAG laser Q-switch introduced a 250 !.IS delay between 
the arrival of the trigger pulse and firing of the laser. Because the parti- 
cles under investigation were moving, the optimum focal volume for the Nd:YAG 

Beams from He-Ne and Ar-ion lasers were combined using a 
Scattered light from particles passing vertically through 

Particle velocity was 

Laser energy was a nominal 
Important parameters for the acquisition of 

The irradi- 

This 
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laser beam was displaced from that of the sizing laser beams. 
cle velocity could be maintained at a fairly constant value (i 10%) in the 
range of 1 - 5 m/s. We found that with proper experimental alignment of the 
three beams, about 90% of the particles which triggered the Nd:YAG laser 
actually formed a plasma due to laser induced breakdown. 

Light from a laser spark was imaged on a silicon diode detector to generate a 
trigger pulse which initiated collection of the spectrum (Figure 1). The 
laser spark was imaged on the entrance slit of the spectrometer (Spex Model 
1870) with a nominal 20 pm slit width and a gated, intensified diode array 
(PAR Model 1420). The emission spectrum was then digitized and stored on hard 
disc for subsequent analysis. 

Previous investigators [ 2 , 7 ]  have shown that time resolution is essential for 
analytical uses of laser plasmas. For times less than 1 LIS following laser 
induced breakdown the emission spectrum was dominated by continua and lines 
due to ionized species. Time delays of at least 2 ps were necessary to dis- 
criminate against the continuum and to restrict the observed species to neu- 
tral and singly ionized atoms. Molecular spectra were observed but were due 
to recombination of atoms in the plasma, not from molecules originally in the 
sample. Integration times depended primarily on the intensity of lines ob- 
served in a given spectral region, and ranged from 1 to 10 us for this study. 

The mean parti- 

Particle entrainment system and reactor 

Samples investigated were of two forms, liquid droplets OK solids of various 
composition. Liquid droplets of pure substances or solutions were produced 
using a vibrating orifice generator and were dropped through the optical focal 
region under ambient conditions. They were used primarily to calibrate the 
scattering signal. 

The entrainment of solid particles into a stream of purified dry nitrogen was 
done with a particle feeder. The fluidized solid particles were introduced 
along the vertical centerline of a circular premixed burner through a central 
tube. This was aligned below the intersection of the three laser beams as 
shown in Figure 1. The combustion region of the burner was 50 mm in diameter 
and was surrounded by a co-flow region for flow regulation and to prevent 
mixing with the laboratory atmosphere. 

A flat flame above the burner surface produced a hot, vertically flowing col- 
umn of gases into which the particulates were entrained. 
amounts of the fuel, oxidizer and diluent gases, one could control the com- 
bustion temperature and residual oxygen partial pressure in the hot environ- 
ment. Methane and oxygen were used in this study, with nitrogen added as a 
diluent. Gas flows were controlled with mass flowmeters. Temperatures 50 mm 
above the burner surface measured with a Pt-Rh thermocouple in the absence of 
particles were on the order of 1500' C. 

By varying the 

CALIBRATION 

Calibration of the sizing apparatus 

Calibration of the particle sizing apparatus was done by the measurement of 
near-forward scattering intensities of uniform liquid droplets and precision 
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pinholes. Once the calibration scale was established, the daily measurement 
of scattering intensity from a single reference pinhole was used to establish 
a current working curve. This is more fully described elsewhere [4]. 

Calibration of and factors affecting the spectroscopic signal 

To be useful, the observed emission intensities had to be related t o  relative 
and absolute elemental compositions. There were several variables with which 
to deal: (1) incident laser power, ( 2 )  particle size, ( 3 )  particle composi- 
tion and associated matrix effects, (4) location of the particle in the laser 
focal volume, (5) amount of the particle material removed and ionized, ( 6 )  
plasma temperature and possible self-absorption, (7) image location on the 
spectrometer entrance slit, and (8) the lack of “standard reference materials” 
for coals on a particle-by-particle basis. 

It was first necessary to establish the level of reproducibility of the 
emission signal for well-characterized, monodispersed, homogenous samples. 
The use of pure solid particles was not found t o  be particularly valuable for 
this purpose. Analytical lines for most metallic species found in coal were 
strongly self-absorbed in laser spark emissions from target particles con- 
sisting of the pure oxides or simple salts. 

Calibration experiments were undertaken using homogenous solid particles com- 
posed of an ion exchange resin, Amberlite, loaded with calcium at 10 wt X .  A 
typical spark emission spectrum is shown in Figure 2. A small magnesium im- 
purity was present in the ion-exchange material, and additional lines due to 
Mg I and Mg 11 were also observed in this spectrum. 

These multiple line spectra (and others discussed below) were fit by a non- 
linear least squares computer program using Lorentzian line shapes and refer- 
ence intensities from the NBS collections [f3,9]. The calculated reference 
intensities for each species were multiplied by a coefficient to fit the 
experimental data. Because the reference intensities were determined for 
standard concentrations [8,9], the ratio of the coefficients for different 
elements should be closely related to the relative elemental concentrations. 
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Figure 2. Laser spark spectrum of a 
single ion-exchange resin particle. 

Figure 3 .  Least-squares fitting coef- 
ficients for Ca I1 and C I in 80 spark 
spectra. 
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(About 80 particles were analyzed for the various C, Ca, and Mg transitions. 
Ratios of metal/carbon coefficients were calculated in order to assess the 
reproducibility of emission intensities on a shot-to-shot basis. The intensi- 
ties for Ca I1 and C I (Figure 3) are clearly correlated and show an initial 
linear relationship. Points corresponding to higher counts show a gradual 
saturation. Within the linear regime the scatter may be due to particle 
heterogeneity and shot-to-shot variations of the excitation within the plasma. 
The latter can be caused by variations in the coupling of the energy into the 
plasma, or the size or morphology of the particle. Even so, the existence of 
a linear regime is evidence of significant shot-to-shot reproducibility. 

Previous studies [ lo]  have shown that matrix effects exist for different 
atomic species included in a solid material using laser spark spectroscopy. 
This is typical of conventional emission spectroscopy techniques also. 
given matrix composition of a bulk phase the most volatile atomic species were 
preferentially removed in the high temperature plasma, and the observed ele- 
mental composition of the ionized material was found to differ from the bulk 
composition accordingly. 

Measurements on solid particles will always have to contend with incomplete 
vaporization. Calculations based on the heat of vaporization of carbon indi- 
cated that the coupling of 1% of the available incident laser energy into a 
solid particle would completely vaporize particles no larger than 10 urn in 
diameter. For incomplete vaporization, particle heterogeneity could be a 
serious problem. However, it appears impractical to use a laser with 
sufficient energy to vaporize large particles. 

Coupling of the laser energy into the target particle is complicated by the 
complexities of hitting a moving particle with a pulsed laser beam at a sta- 
tionary focal point. Careful control of particle feeding conditions and lami- 
nar flow of the gases above the reactor surface helped to minimize variations 
in particle velocity. Light scattering data indicated an axial velocity dis- 
tribution of f 10% about a mean velocity of 2 m/s for pulverized coal parti- 
cles. For a Q-switch delay of 250 us, this would yield an axial variation of 
f 50 um in particle position. This is quite large compared to the calculated 
beam waist of 100 um for our Nd:YAG laser, and is probably the dominant ex- 
perimental variable for the coupling of incident laser light with the plasma. 

For a 

We might also expect such effects in our study. 

RESULTS 

Pulverized coal particles were entrained in the reactor system and spark emis- 
sion spectra were collected with and without sizing data for single particles 
under different conditions. Three bituminous coals were studied: an Illinois 
#6, a Pittsburgh #8, and a Kentucky #11 coal. 
contents of 13 to 14% with varying amounts of  inorganic constituents. Parti- 
cles were size classified and the 63-75 um diameter fraction for the first two 
coals, and the 30-50 vm diameter fraction for the third coal, were used here. 

All had high temperature ash 

Qualitative Results 

Extensive spectra were taken from 1900 to 7700 A to assign emission lines and 
determine sensitivity to trace components. 
particles for the same coal sample are shown in Figures 4a and 4b. 

Representative spectra of single 
Two of the 

85 



.- e 200 
m c 

loo Fe 

2200 2400 2eoo 2800 3000 3200 
Wavelength (Ang.) 

Figures 4a - 4b. Representative laser spark spectra of single coal particles. 

most useful aspects of laser spark spectroscopy in the study of  coal combus- 
tion are seen: the sensitivity to inorganic constituents in the organic 
material, and the capability for simultaneous multi-element detection. 

The following elements were identified in these survey spectra at room tem- 
perature: C, H, 0 ,  N, Li, Na, K, Mg, Ca, Sr, Ba, Al, Si, Ti, Mn and Fe. 
Major species were silicon, aluminum, calcium, magnesium, iron, sodium, 
potassium and titanium. The rest were trace constituents. All the identi- 
fications were made from spectra of individual particles. 

We also searched for sulfur and phosphorous lines. The array-spectrometeter 
system was not sensitive at the sulfur resonance lines (1800-1900 A ) ,  and 
phosphorous was simply not seen. Other trace metallic elements at lower con- 
centrations, such as chromium and vanadium (with average bulk concentrations 
of 3-30 ppm), were not detected with our current instrumentation. Sensitivity 
to these elements may be improved by coaddition of many single particle shots. 
An ultimate detection limit for most metallic species in single coal particles 
is likely to be below 100 ppm. 
dissociated by the plasma and not observed. 
rise to strong CN bands, however, which obscured the regions from 3750- 3900 A 
and 4150-4220 A. No other excited molecular or radical spectra were observed. 

Experiments were also performed at combustion temperatures. 
dence time was quite short, the coal particles had ignited and were undergoing 
vigorous devolitalization at this point. Data of high quality, similar to 
Figures 4a and 4b, were collected in situ without significant degradation in 
the signallnoise ratio for ambient conditions. 

Semi-quantitative results 

The absolute mass sensitivity of the technique may be illustrated by consider- 
ing the spectrum in Figure 5. Sizing data indicated that this particle was of 
29.5 pm diameter. Based on a density of 1.5 g/cc  for coal, this yielded a 
total particle mass of 20 ng. We assumed a plasma temperature of 1 eV (11,600 
K) and calculated relative intensities for transitions of C and Fe. With an 
average carbon content of 83% (dry basis), the observed relative intensities 

Molecular species originally in the coal are 
Recombination of hot atoms gave 

While the resi- 
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Figure 5. Laser spark spectrum of a Figure 6. Comparison of experimental 
single, 20 ng coal particle showing 
detection of 700 fg of iron. coal particle. 

and calculated spectra for a single 

corresponded to detected quantities of 0.7 pg of iron. 
amount of material in the plasma was probably less due to incomplete vapori- 
zation of the particle during the excitation process. 

The actual absolute 

Since coal is a very heterogeneous material, one expects a large variation in 
emission intensity for the observed constituents on a particle-by-particle 
basis. A convenient and systematic way of studying these variations is to 
examine the relative intensity for two elements for a large number of parti- 
cles. If this is done over a narrow spectral bandwidth, then the optical 
system response will be reasonably constant and the observed intensity ratios 
can be semi-quantitatively related to reference intensities [8,9] for a given 
average plasma temperature. 

For particles at ambient temperature and those examined after short residence 
times at combustion temperatures, we observed the spectral region from 2400 to 
2650 A and chose the ubiquitous C I transition at 2478 A as the reference 
line. This region also contained several transitions due to Si I, A 1  I, Fe I 
and Fe 11. 
not likely to saturate since the lower level of the transition is at 2.68 eV. 

In our first attempt at quantitative analysis, we obtained spectra from eighty 
particles of Kentucky #11 coal entrained at room temperature in nitrogen. 
Synthetic spectra were computed rapidly and produced a good fit to each indi- 
vidual spectrum as illustrated in Figure 6. Deviations between calculated and 
observed intensities for several Fe I and I1 transitions were probably due to 
a difference in plasma temperatures f o r  our experiment and the reference in- 
tensity data. The least-squares analysis yielded fitting coefficients which 
we related t o  the relative concentration of the element. 

Matrix effects also will alter these relative elemental line intensities with 
respect to the reference data [ 8 , 9 ] .  While these variations may be most di- 
rectly accounted for by calibration with suitable homogeneous reference parti- 
cles, difficulties in making such standards may necessitate their evaluation 

Even though carbon is a major species, the C I line at 2478 A is 
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Figure 7. Relative amounts of Fe and 
C for 80 single coal particles. 

Figure 8. Relative amounts of  Si and 
A1 for 80 single coal particles. 

through a detailed statistical comparison of bulk chemical analyses with a 
large number of laser spark spectra. 

A plot of C I and Fe I1 fitting coefficients obtained from these spectra is 
shown in Figure 7 and illustrates the heterogeneity of the coal particles. 
Particles rich in iron show a random distribution of points with high Fe I1 
coefficients, and are attributed to inclusions of iron-bearing minerals 
(predominantly pyrite). On the other hand, a second population of points is 
seen near the x-axis with low values of Fe I1 coefficients. These appear to 
be highly correlated with carbon content, and may be due to iron distributed 
homogeneously throughout the organic matrix. Scanning electron microscopy 
results on a sample of this coal substantiated that these two distinct iron 
populations exist [ll]. 

A second example of relative elemental composition is shown in Figure 8 for 
silicon and aluminum from the same set of 80 spectra. These two elements 
appear to be correlated and present in comparable amounts. 
siderable scatter in the data is due to variations in plasma temperature; 
however, a much larger effect is that the various clay minerals containing 
aluminum and silicon may differ significantly in relative elemental composi- 
tion. Further, another source of silicon in the coal is quartz, which would 
be completely uncorrelated with the silicon and aluminum present in clays. 

In contrast to these two examples, sodium is often quite evenly distributed in 
bituminous coals, and this is illustrated in Figure 9 for 50 particles of the 
Kentucky #11 sample. This plot is of experimental intensities for the doublet 
at 5890 and 5896 A, and these values have not been normalized against other 
transitions. 
this coal despite differences in plasma conditions mentioned above. 

Some of the con- 

The data illustrate the very uniform distribution of sodium in 

DISCUSSION 

OUK results demonstrate the potential for laser spark spectroscopy as an in 
situ analytical technique for particulate composition in ambient and high 
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In the present study, the sizing capa- E 
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The increase in mineral composition relative to the organic matrix during the 
combustion process would be expected to show an increasing amount of self- 
absorption and, finally, line reversal for the strongest transitions. This 
potential problem may be mitigated in the analysis of post-combustion material 
since ash particles are smaller than the initial pulverized fuel particles, 
and might be quantitatively vaporized by the incident pulsed laser beam. 
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CONCLUSIONS 

The experiments described above have demonstrated that qualitative analysis 
can be performed on single particles, in situ, in hostile environments. The 
practical level of signal reproducibility has been measured, and the first 
indication of semi-quantitative results has been established. Problem areas 
have been identified. Some can be overcome while others will limit the 
applicability of the technique. 
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The studies will continue with emphasis on establishing the semi-quantitative 
capability of the combined techniques for well characterized coals, and for 
new homegeneous standard materials. The experiment will be integrated with a 
laboratory bench-scale combustor, and the capability to discern changes in 
coal composition during burning will be investigated by spectral analysis as a 
function of coal type, combustion residence time, and gas phase chemistry. 
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INTRODUCTION 

One of t h e  major problems assoc ia ted  with coa l  combustion is the  bui ldup of 
s i n t e r e d  ash d e p o s i t s  in the  convect ive passes  of b o i l e r s .  These d e p o s i t s ,  
re fe r red  t o  as foul ing  d e p o s i t s ,  can d r a s t i c a l l y  reduce hea t  t r a n s f e r ,  cause 
erosion by channel iz ing gas  flow, and c o n t r i b u t e  t o  the  corrosion of exposed 
metal surfaces .  Downtime f o r  c leaning fouled commercial b o i l e r s  can be a 
multi-million- d o l l a r  expense (1) .  

U t i l i t y  b o i l e r s  g e n e r a l l y  a r e  designed t o  burn coa l  t h a t  f a l l s  within a 
s p e c i f i c  foul ing  behavior range. Therefore ,  t o  minimize the d e l e t e r i o u s  
e f f e c t s  of b o i l e r  f o u l i n g  and t o  maximize b o i l e r  e f f i c i e n c y ,  i t  is necessary 
t o  a n t i c i p a t e  or  a s s e s s  the  foul ing  c h a r a c t e r i s t i c s  of a coa l  p r i o r  t o  
combust ion.  

This paper in t roduces  a new method f o r  pred ic t ing  foul ing  depos i t  weights by 
using commonly a v a i l a b l e  coa l  q u a l i t y  data .  

We have developed a modified concept of t h e  coa l  q u a l i t y  c h a r a c t e r i s t i c s  t h a t  
in f luence  foul ing.  T h i s  concept evolved from a review of the  l i t e r a t u r e  and 
from the s t a t i s t i c a l  a n a l y s i s  of r e s u l t s  from 44 combustion t e s t s .  

COAL-POLKINDASSESSMENT INDICES 

Several  f o u l i n g  i n d i c e s  based on ash chemistry have been proposed ( 2 ) .  
a r e  appl icable  t o  c o a l  with e a s t e r n ,  or bituminous, ash,* These i n d i c e s  have 
met with mixed success .  Wall e t  a l .  (3 )  s t a t e  t h a t  " t h e r e  may be ve ry  severe 
l i m i t a t i o n s  t o  t h e  a p p l i c a b i l i t y  of ' f o u l i n g  ind ices '  based on elemental  
ana lys i s  or  even on f u s i o n  observations...." Moreover, Wall e t  a l .  ( 3 ,  p. 8) 
note  t h a t  at a conference on combustion " a  number of speakers  s t a t e d  t h a t  
fou l ing  i n d i c e s  they had used appeared appl icable  only t o  coal  from a 
p a r t i c u l a r  f i e l d . "  

Most 

*For technologica l  purposes ,  c o a l s  in which the  sum of t h e  calcium oxide and 
magnesium oxide content  is g r e a t e r  than the  f e r r i c  oxide content  a r e  
charac te r ized  a s  having "eastern" or  "bituminous" ash. The r e l a t i o n s h i p  is 
reversed f o r  c o a l s  charac te r ized  as having "western" or  " l i g n i t i c "  ash. 
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One reason f o r  t h e  lack  of success  i n  applying t h e  foul ing  i n d i c e s  is t h a t  
fou l ing  d e p o s i t s  a r e  formed from a complex s e r i e s  of phys ica l  and chemical 
i n t e r a c t i o n s  involving s e v e r a l  chemical c o n s t i t u e n t s  i n  the  coal .  
i n d i c e s ,  however, focus on only a f e w  of these  c o n s t i t u e n t s  and put major 
emphasis on t h e  sodium content .  

The f o u l i n g  

METHODS 

The d a t a  used in t h i s  s tudy  were suppl ied by t h e  Univers i ty  of North Dakota 
Energy Research Center (UNDERC) i n  Grand Forks, North Dakota. The UNDERC 
suppl ied the  r e s u l t s  from over 200 combustion t e s t s  conducted i n  a p i l o t -  
s c a l e  test combustor. I n  addi t ion  t o  t h e  combustion test r e s u l t s ,  t h e  UNDERC 
a l s o  provided complete c h a r a c t e r i z a t i o n  of t h e  c o a l  samples t e s t e d ,  and t h e  
combustion condi t ions  maintained during t h e  course  of each test. Coal 
c h a r a c t e r i z a t i o n  included proximate, u l t i m a t e ,  and ash composition 
information.  Table 1 shows the  c o a l  composition va lues  and combustion t e s t  
r e s u l t s  used a s  v a r i a b l e s  i n  our study. 

We s e l e c t e d  a set of 44 samples from t h e  raw d a t a  provided by UNDERC. 
d a t a  s e t  served a s  t h e  b a s i s  f o r  developing t h e  model for  f o u l i n g  d e p o s i t  
p red ic t ion .  The development d a t a  set 1) is r e p r e s e n t a t i v e  of t h e  UNDERC d a t a  
set containing d a t a  on l i g n i t e s  and subbituminous c o a l s  predominantly from t h e  
Northern Great P l a i n s  Coal Province, 2)  conta ins  a t  l e a s t  one observat ion from 
each mine or l o c a l i t y  represented i n  t h e  UNDERC f i l e ,  3) h a s  no sample 
d u p l i c a t i o n ,  4)  i s  taken from samples t h a t  e x h i b i t  a wide range of 
compositions and f o u l i n g  behaviors ,  and 5) had s i m i l a r  combustion t e s t  
condi t ions .  

Our goa l  was t o  use t h e  development d a t a  s e t  t o  model f o u l i n g  depos i t  weight 
i n  grams per m i l l i o n  Btu by using c o a l  q u a l i t y  parameters a s  independent 
v a r i a b l e s .  Coal feed r a t e s  and t o t a l  c o a l  burned i n  a t e s t  could v a r y  from 
test t o  test, depending upon the  c a l o r i f i c  va lue  of t h e  coal .  Therefore ,  
conversion of depos i t  weights t o  a weight per  m i l l i o n  Btu b a s i s  p u t s  the  
foul ing  tendency on a u n i t  energy input  b a s i s ,  a b a s i s  f requent ly  used by 
b o i l e r  o p e r a t o r s  f o r  o t h e r  purposes such a s  e v a l u a t i n g  s u l f u r  emissions. 

The f i rs t  s t e p  in d a t a  a n a l y s i s  w a s  t o  determine i f  t h e  n a t u r a l  frequency 
d i s t r i b u t i o n s  of t h e  v a r i a b l e s  i n  t h e  development d a t a  s e t  approximate a 
normal frequency d i s t r i b u t i o n .  In  a l l  s t a t i s t i c a l  analyses ,  we assumed t h e  
v a r i a b l e s  t o  be approximately normally d i s t r i b u t e d .  Therefore ,  t h e  v a r i a b l e s  
t h a t ,  i n  t h e i r  o r i g i n a l  form, were not  normally d i s t r i b u t e d  were mathema- 
t i c a l l y  transformed t o  y i e l d  frequency d i s t r i b u t i o n s  t h a t  approximated normal 
d i s t r i b u t i o n .  The t ransform funct ions  (Table  1) f o r  each v a r i a b l e  were used 
i n  a l l  subsequent ana lys i s .  

The second s t e p  i n  our s tudy was t o  conduct b i v a r i a t e  ana lyses ,  i.e., 
c a l c u l a t i o n  and i n t e r p r e t a t i o n  of c o r r e l a t i o n  c o e f f i c i e n t s  (r-squared 
values) .  
fou l ing  depos i t  weight. 

The t h i r d  and p r i n c i p a l  s t e p  i n  our a n a l y s i s  was t o  employ m u l t i p l e  regress ion  
a n a l y s i s  t o  develop a model. We used t h e  STEPWISE, RSQUARE, and REG 
procedures i n  SAS ( 4 )  t o  develop and e v a l u a t e  poss ib le  models. 

This  

This a n a l y s i s  determined which v a r i a b l e s  most c l o s e l y  c o r r e l a t e  with 

All of these 
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procedures a r e  l i n e a r  least-squares  methods f o r  e s t a b l i s h i n g  empir ica l  
r e l a t i o n s h i p s  between one or  more independent v a r i a b l e s  and some response 
var iab le .  In our case,  the independent v a r i a b l e s ,  or regressor  v a r i a b l e s ,  a r e  
transformed coa l -qua l i ty  parameters. The response v a r i a b l e  is t h e  log 
funct ion of the foul ing  depos i t  weight in grams of depos i t  per m i l l i o n  Btu 
f i r e d .  

Models were evaluated on t h e  b a s i s  of t h e  improvement in r-squared va lues ,  the  
decrease i n  the r e s i d u a l  sum of squares ,  the s i g n i f i c a n c e  of parameter 
es t imates  f o r  each v a r i a b l e ,  and the  l inkage  between foul ing  behavior and each 
v a r i a b l e  being considered. S t a t i s t i c a l  s i g n i f i c a n c e  alone was not  enough t o  
include a v a r i a b l e  i n  t h e  model. The f i n a l  model s e l e c t e d  was one t h a t  
maximized the  f i t  of the  predicted va lues  t o  t h e  a c t u a l  fou l ing  depos i t  weight 
values;  thus ,  maximizing t h e  r-squared value and minimizing t h e  sum of squared 
res idua ls .  

F ina l ly ,  w e  t es ted  t h e  model. For t h i s  purpose, we se lec ted  a second set of 
observa t ions  from t h e  raw UNDERC d a t a  s e t .  This  s e t  had the same 
c h a r a c t e r i s t i c s  a s  t h e  development d a t a  s e t  but contained only 15 samples and 
had no observa t ions  in common with the  o r i g i n a l  d a t a  s e t .  We t e s t e d  the  model 
by c a l c u l a t i n g  a pred ic ted  foul ing depos i t  weight using the  model and then by 
comparing t h e  c a l c u l a t e d  depos i t  weight with t h e  a c t u a l  depos i t  weight. 

RESULTS 

Bivar ia te  Analysis 

I n  the process  of c a l c u l a t i n g  the  c o r r e l a t i o n  c o e f f i c i e n t s  f o r  t h e  v a r i a b l e s  
in the development d a t a  s e t  we discovered t h a t  s e v e r a l  coa l  compositional 
parameters have s i g n i f i c a n t  c o r r e l a t i o n  with foul ing  depos i t  weight (Table 
2) .  
(Si), sodium (Na), aluminum (Al), and t h e  a l k a l i  r a t i o  a r e  s i g p i f i c a n t l y  
r e l a t e d  t o  fou l ing  depos i t  weight. However, even though the c o r r e l a t i o n s  a r e  
s i g n i f i c a n t  a t  the  1-percent confidence l e v e l ,  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  
a r e  not very high i n d i c a t i n g  t h a t  no one v a r i a b l e  is p r i n c i p a l l y  respons ib le  
f o r  v a r i a t l o n  in foul ing  depos i t  weight. 
coa l  composition is too complex t o  expla in  with j u s t  one var iab le .  This  
r e l a t i o n  is i l l u s t r a t e d  by means of a few s c a t t e r  p l o t  diagrams, one showing 
sodium versus  depos i t  weight (Fig. 1 )  and the  o ther  showing ash y i e l d  versus  
depos i t  weight (Fig. 2). 

Sodium, a t  p resent ,  is t h e  most widely used predic tor  of foul ing tendency; 
y e t ,  Figure 1 demonstrates t h a t  low sodium oxide content  i n  a c o a l  does not 
guarantee low f o u l i n g  or t h a t  high sodium oxide content  equates  with severe 
fouling. Obviously, fou l ing  behavior is dependent upon something o ther  than, 
or in a d d i t i o n  t o ,  t h e  sodium oxide content  of coal .  

Figure 2 shows the  d r y  ash y ie ld  of a coa l  p l o t t e d  aga ins t  the  c o a l ' s  fou l ing  
deposi t  weight. 
for Na20, t h e r e f o r e ,  a s  ash y ie ld  increases  so  too should foul ing  depos i t  
weight. This may be thought of a s  t h e  b o i l e r  t u b e s  being exposed t o  more 
p o t e n t i a l  fou l ing  m a t e r i a l  per un i t  energy generated.  However, t h e  

The amount of ash ,  t o t a l  Sul fur ,  t i t a n i a  (Ti02) ,  potash (K20), s i l i c o n  

The r e l a t i o n s h i p  between foul ing  and 

The r e l a t i o n s h i p  here  is more l i n e a r  than t h e  one observed 
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s i g n i f i c a n t  s c a t t e r  in t h e  r e l a t i o n s h i p  of ash y ie ld  and depos i t  weight would 
preclude t h e  use of on ly  ash a s  a pred ic tor .  

Both sodium ( 5 )  and ash  y ie ld  have been shown t o  enhance foul ing  behavior  
(6 ) .  I f  we p l o t  sodium, ash,  and depos i t  weight on a three-dimensional 
diagram (Figure 3) we  can see t h e  r e l a t i v e  inf luence  of t h e  two v a r i a b l e s  on 
depos i t  weight. 

Figure 3 i n d i c a t e s  t h a t  low sodium, low ash  coa ls  are low foul ing  coa ls .  High 
foul ing  c o a l s  are having with moderate t o  low amounts of sodium b u t  high ash  
y i e lds .  Deposit weights a r e  more v a r i a b l e  when ash  y i e l d s  a r e  low t o  moderate 
and sodium va lues  are moderate t o  high. 

The use of ash  and sodium together  as p r e d i c t o r s  of foul ing  may be more 
r e l i a b l e  than t h e  use  of sodium alone,  however, we had r e l i a b l e  p r e d t c t i o n s  
only in end member s i t u a t i o n s  (low sodium, very high ash) .  One o r  two c o a l  
composition v a r i a b l e s  cannot adequately expla in  o r  p r e d i c t  fou l ing  behavior. 
Consequently, we used mul t ip le  regress ion  a n a l y s i s  t o  develop a model t o  
explain the  v a r i a t i o n  of fou l ing  d e p o s i t  weight va lues  in t h e  development d a t a  
set. 

THE REGRESSION MODEL. 

The regress ion  model we found t h a t  b e s t  f i t s  t h e  foul ing  depos i t  weights  i n  
t h e  development d a t a  s e t  is glven in equat ion 1. The v a r i a b l e s  incorpora ted  
into t he  model and t h e i r  b a s i s  are l i s t e d  i n  Table 3. The model c a l c u l a t e s  
t h e  logari thm of t he  foul ing  depos i t  weight in terms of grams of d e p o s i t  per  
mi l l ion  Btu f i r e d  and i t  incorpora tes  T i O p ,  t o t a l  s u l f u r ,  ash  y i e l d ,  Ca/S, and 
a f a c t o r  c a l l e d  t h e  a l k a l i  r a t i o .  This  l a t t e r  term is ca lcu la ted  by us ing  
calcium, magnesium, sodium, and potassium oxide va lues  and t h e  ash  y ie ld .  The 
foul ing  predic t ion  equat ion is: 

loglo(PW) = 1.21 + 0.45 (loglOTi) + 1.46 (logloS) + 0.38 (loglOASH) 

+ 1.14 (loglOCa/S) + 0.63 (logloAIX) 

Where: FDU = Fouling Deposit Weight (grams/mll l ion Btu) 
Ti = Titanium Dioxide X ( s u l f a t e - f r e e  ash) 
S = Sulfur  % (dry  coa l )  
M E  = Ash Yield % (dry  coa l )  

Ca/S = Calcium/Sulfur (both X w t .  of d r y  coa l )  
Ash % (dry  * (Na20 + .659K20) **m ____________-______---_--_--- (alkali ratio) 

CaO + MgO 

** Na20, K 2 0 ,  CaO, and MgO a r e  a l l  on a X of su l fa te - f ree  a s h  bas is .  

To use  t h e  model, t h e  coa l  q u a l i t y  information requi red  is:  
(percent  d r y  c o a l ) ,  s u l f u r  (percent  d r y  c o a l ) ,  and t i tanium, sodium, calcium, 
potassium, and magnesium oxides (percent  s u l f a t e - f r e e  ash). The calcium- 
s u l f u r  r a t i o  and t h e  a l k a l i  r a t i o  are then calculated.  Then t h e  logar i thm of 
each parameter in Table 3 is ca lcu la ted  and i n s e r t e d  in equat ion 1. The 
r e s u l t  of t h e  c a l c u l a t i o n  i s  t he  base 10  logari thm of the  foul ing  d e p o s i t  
weight. 
t h e  pred ic ted  foul ing  depos i t  weight. 

ash y i e l d  

This can then be converted d i r e c t l y  t o  grams depos i t  per m i l l i o n  Btu, 
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In Figure 4, p r e d i c t e d  and observed depos i t  weight va lues  a r e  p lo t ted .  
proximity of t h e  p o i n t s  t o  t h e  p a r f t y  l i n e  i n d i c a t e s  t h a t  t h e  model and a c t u a l  
d a t a  a r e  i n  good agreement. Also, the  r-squared value,  0.84, i s  h igh  and 
s i g n i f i c a n t  and i n d i c a t e s  t h a t  a s i g n i f i c a n t  amount of t h e  v a r i a b i l i t y  i n  
a c t u a l  f o u l i n g  d e p o s i t  weight i s  explained o r  accounted f o r  by t h e  model. The 
sum of t h e  squared r e s i d u a l s  is 1.35. This  v a l u e  is low r e l a t i v e  t o  those 
obtained f o r  o t h e r  p o t e n t i a l  models t h a t  we tes ted .  I n  a d d i t i o n ,  a l l  of the  
v a r i a b l e s  included in t h e  model, except t h e  calcium-sulfur r a t i o ,  c o r r e l a t e  
with foul ing  d e p o s i t  weight. 

The 

TESTING THE MODEL 

Our t e s t  of t h e  r e g r e s s i o n  model us ing  t h e  smaller  t e s t  d a t a  s e t  shows t h a t  
t h e  model works w e l l .  The a c t u a l  versus  pred ic ted  f o u l i n g  depos i t  weights f o r  
t h e  t e s t  samples a r e  p l o t t e d  in Figure 5. A s  with the  development da ta  s e t ,  
p o i n t s  a r e  c l u s t e r e d  along t h e  p a r i t y  l i n e .  However, f o r  t h e  test d a t a ,  the  
r-squared v a l u e  1s lower than t h a t  ca lcu la ted  f o r  t h e  development d a t a  because 
the range i n  v a l u e s  i n  t h e  t e s t  d a t a  s e t  i s  more l imi ted  and t h e r e  a r e  fewer 
observat ions.  

We recognize t h a t  t h e  model is subjec t  t o  e r r o r .  
logari thmic s c a l e  t h u s  small  d e v i a t i o n s  from t h e  p a r i t y  l i n e  could r e s u l t  i n  
e r r o r s  of s e v e r a l  10's of grams per  m i l l i o n  Btu. However, a comparison of 
Figures  4 and 5 with F igure  1 shows t h a t  our model is super ior  t o  sodium oxide 
a s  a predic tor  of f o u l i n g  depos i t  weight. 

The e r r o r  a s s o c i a t e d  with any ind iv idua l  p r e d i c t i o n  is approximately 20-30 
percent of t h e  c a l c u l a t e d  foul ing  depos i t  weight. This f i g u r e  is  based on t h e  
range of d i f f e r e n c e s  between a c t u a l  and predic ted  va lues  f o r  a l l  t h e  
observa t ions  i n  both t h e  development and t e s t  d a t a  sets. We found t h a t  90 
percent of the  d i f f e r e n c e s  were <57 grams per m i l l i o n  Btu, 75 percent  of t h e  
d i f f e r e n c e s  were <28 grams per  mi l l ion  Btu, and 50 percent  of the d i f f e r e n c e s  
were l e s s  than 15 grams per  m i l l i o n  Btu. Also, the  l a r g e s t  e r r o r s  occurred in 
samples t h a t  had very  high a c t u a l  fou l ing  d e p o s i t  weights. 
t h i s  range a r e  acceptab le  because, once d e p o s i t  weights exceed 150 grams per 
mi l l ion ,  a severe  f o u l i n g  problem e x i s t s  and a c t u a l  depos i t  weights a re  
r e l a t i v e l y  unimportant. 
values ,  below 150 grams per  m i l l i o n  Btu. 
can be used t o  e s t i m a t e  f o u l i n g  depos i t  weight t o  within 15-30 grams per 
mi l l ion  Btu, o r  l e s s ,  an acceptab le  margin of e r r o r .  

The p l o t s  a r e  on a 

Large e r r o r s  i n  

Accuracy i s  requi red ,  howver ,  i n  the  lower range of 
Our d a t a  i n d i c a t e  t h a t  equat ion 1 

DISCUSSION 

We bel ieve  t h a t  t h a t  f o u l i n g  behavior  of low-rank c o a l  i s  p r e d i c t a b l e  but t h a t  
p red ic t ions  wtll n o t  be r e l t a b l e  when based on information from only one or 
two q u a l i t y  var iab les .  
complex process  (combustion) a c t i n g  on a complex mater ia l  ( t h e  coa l ) .  
Therefore ,  p r e d i c t i n g  t h e  foul ing  behavior of any coa l  will t o  depend o n  a 
v a r i e t y  of c o a l  components, t h e i r  r e l a t i v e  amounts, t h e i r  mode of occurrence, 
and on furnace condi t ions .  

Foul ing is a complex phenomenon t h a t  involves  a 
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A v a r i e t y  of components in t h e  c o a l  i n t e r a c t  with one another  during 
combustion t o  form or  r e t a r d  t h e  formation of f o u l i n g  depos i t s .  These 
components include t h e  t o t a l  ash y i e l d  of t h e  c o a l ;  s u l f u r  conten t ;  and t h e  
amount of sodium, calcium, magnesium, potassium, and perhaps s i l i c a .  The ash  
content ,  p a r t i c u l a r l y  t h e  more s i l i c e o u s  minera ls ,  forms t h e  bulk  or aggregate  
of t h e  foul ing  depos i t s .  Calcium, s u l f u r ,  sodium, e tc . ,  i n t e r a c t  t o  i n f l u e n c e  
how much and what types  of m a t e r i a l s  w i l l  bind t h i s  s i l i c e o u s / a s h  aggregate  
together  and t o  t h e  b o i l e r  tubes. Coal t h a t  h a s  a low ash  y i e l d  e x h i b i t s  low 
foul ing  behavior. 
behavior bu t  only i f  t h e r e  is s u f f i c i e n t  adhesive m a t e r i a l  t o  amalgamate t h e  
deposi t .  
f o r  ins tance)  may be inadvisable  i f  ash  y i e l d s  a r e  a l ready  very low. The 
aggregate o r  bulk phase of t h e  foul ing  depos t t  is accounted f o r  in our model 
by ash ,  by ash a s  p a r t  of t h e  a l k a l i  r a t i o ,  and a l s o  by t h e  Ti02 f a c t o r ,  which 
we b e l i e v e  i s  i n d i c a t i v e  of t h e  d e t r i t a l  component of t h e  c o a l  ash. 

The binding, o r  hardening, of t h e  d e p o s i t s  is, in our opinion,  t h e  l e a s t  
understood and probably t h e  most complex aspec t  of t h e  f o u l i n g  depos i t  
formation. In  our  view of f o u l i n g  depos i t  formation, t h e  sodium and potassium 
ions re leased  by c o a l  combustion compete with t h e  calcium and magnesium ions 
f o r  su l fur .  There is evidence t h a t  potassium and sodium s u l f a t e s  a r e  present  
in foul ing  d e p o s i t s  or  p lay  a r o l e  In t h e i r  formation (7 ) .  
l e s s  c l e a r  f o r  calcium and magnesium s u l f a t e s .  Howver, in our opinion t h e  
calcium and magnesium s u l f a t e s  do not p a r t i c i p a t e  a s  a binding phase i n  
foul ing  depos i t  formation,  but  may,however. be incorporated i n t o  the d e p o s i t  
a s  i n e r t  mater ia l .  

The s u l f u r ,  Ca/S. and a l k a l i  r a t i o  f a c t o r s  in equat ion 1 a l l  r e l a t e  t o  this  
binding phase of t h e  f o u l i n g  depos i t .  The s u l f u r  content  is obviously 
important ,  f o r ,  without s u l f u r ,  no binding phase could be present .  The 
calcium-sulfur r a t i o  is a measure oE how much s u l f u r  w i l l  be bound by calcium 
and is, thus ,  not a v a i l a b l e  t o  binding by sodium. The a l k a l i  r a t i o  is a 
measure of t h e  q u a n t i t y  of a l k a l i  e lements  t h a t  have been p o s i t i v e l y  l inked  t o  
depos i t  formation (sodium and potassium [ 8 ,  9 ) )  r e l a t i v e  t o  t h e  elements t h a t  
may have a negat ive impact on depos i t  formation (calcium and magnesium). 

F i n a l l y ,  we be s t r e s s  t h a t  t h e  model proposed in equat ion 1 is based 
p r i n c i p a l l y  on the degree of f i t  between the  modeled d a t a  and t h e  a c t u a l  d a t a ,  
moderated by our percept ion  of how v a r i o u s  components in coal  may behave 
during t h e  formation of f o u l i n g  depos i t s .  The model is redundant because a s h  
y i e l d  is represented in two p l a c e s  and t h e  binding phase of t h e  foul ing  
depos i t s  is represented  by t h r e e  terms. Two f a c t o r s  cause t h i s  redundancy. 
F i r s t ,  t h e  mode of occurrence of the  elements  in t h e  model a f f e c t s  t h e  re- 
a c t i v i t y  of t h e  elements, in foul ing  depos i t  formation. Our model does not  
take  mode of occurrence i n t o  account. Second, t h e  development and test d a t a  
sets a r e  heavi ly  biased towards moderate foul ing  coals .  Only a few examples 
of coa l  t h a t  had extreme foul ing  behavior were a v a i l a b l e  f o r  i n c l u s i o n  in t h e  
d a t a  s e t .  Inc lus ion  of more low and h i g h  f o u l i n g  coa l  samples in t h e  d a t a  s e t  
might c l a r i f y  t h e  s i t u a t i o n  and r e s u l t  in a l e s s  redundant and more 
t h e o r e t i c a l l y  sound model. However, given t h e  d a t a  c u r r e n t l y  a v a i l a b l e ,  t h i s  
model does a good j o b  of a c c u r a t e l y  p r e d i c t i n g  f o u l i n g  behavior and i t  i s  
c l e a r l y  an improvement over t h e  convent ional  (sodium) index c u r r e n t l y  i n  use. 

Coal t h a t  has  a high ash  y i e l d  e x h i b i t s  extreme f o u l i n g  

Consequently, d i l u t i n g  high-sodium c o a l  with ash m a t e r i a l  ( roof  rock 

The p i c t u r e  is 
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CONCLUSIONS 

We have developed a new model f o r  p r e d i c t i n g  the foul ing  behavior of low 
rank coal .  The model i s  based on commonly a v a i l a b l e  c o a l  q u a l i t y  data. 

The proposed model has  the  p o t e n t i a l  t o  provide accura te  q u a n t i t a t i v e  
estimates of f o u l i n g  d e p o s i t  weight p e r  m i l l i o n  B t u .  

T h i s  model i s  more accura te  in p r e d i c t i n g  foul ing  behavior than t h e  sodium 
index. 

Actual combustion tests of unknown coals need t o  be conducted t o  f u l l y  
tes t  t h e  u t i l i t y  of t h i s  model. 

The f o u l i n g  p o t e n t i a l  of a c o a l  cannot be adequately evaluated by using 
one or t m  composi t ional  var iab les .  A m u l t i v a r i a t e  approach is more ap t  
t o  y i e l d  r e l i a b l e  e v a l u a t i o n s  of Pouling behavior. 
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Figure 1.--Relation of sodium content to Fouling Deposit Weight. 
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Figure 2.--Relation of coal ash y i e l d  to Fouling Deposit Weight. 
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Figure 3.--Relation of ash and sodium contents to Fouling Deposit Weight. 
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Figure 4.--Log/log plot of actual versus predicted Fouling Deposit 
Weight using our multivariate model (development data). 
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Figure 5 .--Log/log plot of actual versus predicted Fouling Deposit 
Weight using our multivariate model (test data). 
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Ash (dry)  

Btu (dry)  

Carbon (daf=dry  ash- f ree)  

Hydrogen (daf )  

Nitrogen (daf)  

Oxygen (daf )  

V o l a t i l e  Matter (daf )  

Sul fur  (dry)  

SiOz ( s u l f a t e - f r e e  ash) 

AI2O3 ( s u l f a t e - f r e e  ash)  

T i 0 2  ( s u l f a t e - f r e e  ash)  

FeZ03 ( s u l f a t e - f r e e  ash)  

CaO (su l fa te - f  r e e  ash) 

MgO ( s u l f a t e - f r e e  ash)  

K 2 0  ( s u l f a t e - f r e e  ash) 

Na20 ( s u l f a t e - f r e e  ash)  

S i l i c o n  (dry  c o a l )  

Aluminum ( d r y  coal) 

Sodium (dry  c o a l )  

Calcium ( d r y  c o a l )  

SiO,/M203 
Ca/S ( d r y  coa l )  

Base-Acid Rat io  

Alka l i  Rat io  

11.73 

10634 
71 -89 
4.75 
1.16 
20.68 
48.25 
1.29 
32.75 

15.02 
0.68 

11.62 
25 -45 
7.06 
0.61 

6.26 
1.64 

0.78 
0.39 

1.59 
2.25 

1.83 
1.21 
2.75 

Deposit Weight (@/lo6 Btu) 112.7 

5.78 - 29.06 
8400 - 12110 
68.81 - 77.94 
2.78 - 5.73 
0.99 - 1.86 

15.73 - 24.49 
42.41 - 55.13 
0.29 - 4.13 
15.20 - 61.50 
8.50 - 22-90 
0.20 - 1.70 

1-80 - 24.50 
6.00 - 45.70 
0 - 13.00 
.lo - 2.50 

-20 - 19.5 
.43 - 7.71 

-27  - 2.78 
.02 - 1.34 

-27 - 2.70 
1.11 - 5.02 

-27 - 9.26 
-22 - 3.15 

.i4 - 23.48 
2.90 -678.81 

*Function appl ied  t o  those v a r i a b l e s  whose n a t u r a l  frequency d i s t r i b u t i o n  
d i d  n o t  approximate a normal d i s t r l b u t i o n .  
approximate a normal d i s t r i b u t i o n .  

All values  except  d e p o s i t  weight, Btu, and r a t i o s  are percentages on basis 
shown. 

Transformed va lues  do 
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Table 2.--Coal q u a l i t y  v a r i a b l e s  t h a t  s i g n i f i c a n t l y  c o r r e l a t e  with 
foul ing  d e p o s i t  weight (g /mi l l ion  Btu) 

Variable  Corre la t ion  Coeff ic ien t  

Ash (percent  w t .  of d r y  coa l )  
Sulfur  (percent  w t .  of dry  c o a l )  
Btu/ lb  (dry  c o a l )  
Ti02 (percent  w t .  of su l fa te - f ree  ash)  
K20 (percent  w t .  of s u l f a t e - f r e e  ash)  
V o l a t i l e  Matter (da f )  
Si (percent  wt .  of d r y  coa l )  
Na (percent  w t .  of d r y  coa l )  
A l  (percent  w t .  of d r y  coa l )  
Alka l i  Rat io  
Na20 (percent  w t .  of su l fa te - f ree  ash)  

0.67 
0.49 
-0.61 

0.39 
0.36 

0.52 
0.43 
0.49 
0.44 
0.65 

NS* 

*NS = not  s i g i n f i c a n t  

Table 3.--List of c o a l  q u a l i t y  v a r i a b l e s  used i n  pred ic t ion  of foul ing  
depos i t  welghc (g /ml l l ion  Btu) 

Qual i ty  Parameter Basis 

I 

Titanium Oxide (Ti02) 
Ash Yield 
Tota l  Sul fur  
Calcium Oxide (CaO) 
Sodium Oxide (Na 0) 
Potassium Oxide tK20) 
Magnesium Oxide ( M g O )  

percent  wt .  of su l fa te - f ree  ash  
percent  w t .  of d ry  coa l  
percent  wt .  of dry  c o a l  
percent  w t .  of s u l f a t e - f r e e  ash  
percent  wt .  of su l fa te - f ree  ash  
percent  w t .  of su l fa te - f ree  ash  
percent  w t .  of su l fa te - f ree  ash  
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A GRANULATION/SINTERING METHOD FOR THE CDDISPDSAL OF SOLID 
RESIDUES FROM COAL CONVERSION PROCESSES 

G. Burnet, A. J .  Gokhale, and R. F. Meisinger 

Ames Laboratory, U.S.D.O.E. and Department o f  Chemical Engineering 
Iowa S ta te  Un ive rs i t y ,  Ames, I A  50011 

ABSTRACT 

A s t a b i l i z a t i o n  process f o r  coal c lean ing  and coal  combustion-related wastes 
has been developed t h a t  uses the  energy de r i ved  f rom the  f u e l  conta ined i n  t h e  
coal  c leaning waste. The wastes are pulver ized,  when necessary, formed i n t o  gran- 
u l e s  i n  a r o t a r y  pan agglomerator, and then f i r e d  t o  a s i n t e r i n g  temperature. 
The r e s u l t i n g  r e a d i l y  d isposable product  cons i s t s  o f  rock-hard granules t h a t  a r e  
h i g h l y  r e s i s t a n t  t o  environmental degradation. The green (nondried and n o n f i r e d )  
granules s a t i s f y  d u r a b i l i t y  t e s t s  t h a t  measure the  c a p a b i l i t y  t o  be handled and 
stored. The s i n t e r e d  granules meet requirements o f  t h e  standard ASTM and EP 
leaching t e s t s  and a freeze-thaw cyc le  t e s t .  The s t reng th  o f  t he  s in te red  gran- 
u l e s  compares f a v o r a b l y  w i t h  the  s t reng th  o f  n a t u r a l  aggregates. The process 
has been app l i ed  t o  coa l  c lean ing  re fuse  alone and t o  r e f u s e l f l y  ash and refuse/  
FGD sludge mixtures.  

INTRODUCTION 

Disposal o f  coal  c lean ing  and o f  coal combustion wastes looms as a s i g n i f i -  
can t  problem f o r  many coa l  producers and u t i l i t i e s .  Th i s  has s t imu la ted  research 
on env i ronmenta l ly  acceptable a l t e r n a t i v e s  t o  cu r ren t  d isposal  p rac t i ces .  About 
35% o f  t h e  n e a r l y  700 m i l l i o n  tons o f  coal consumed by u t i l i t i e s  each year  r e -  
ce i ves  some c lean ing  be fo re  i t  i s  burned (1 ) .  Most o f  t he  c lean ing  i s  performed 
on eastern and midwestern bituminous coals ,  r e s u l t i n g  i n  an annual product ion 
o f  coal c leaning wastes i n  excess o f  100 m i l l i o n  tons (2). The waste p i l e s  a r e  
a source o f  severe a i r ,  stream, and ground water p o l l u t i o n  (3) .  

Other env i ronmen ta l l y  troublesome s o l i d  wastes r e s u l t  from coal combustion 
and are p rov ing  t o  be even more d i f f i c u l t  t o  deal w i t h .  For every three tons 
o f  coal c lean ing  refuse,  about one ton  o f  ash and one t o n  o f  f l u e  gas d e s u l f u r i z a -  
t i o n  (FGD) s o l i d s  r e s u l t  from combustion o f  t he  c lean coal produced. Besides 
c o n t r i b u t i n g  t o  p o l l u t i o n ,  t he  waste d isposal  s i t e s  requ i red  mar the  landscape 
and consume la rge  amounts o f  l and  area. 

The p r i n c i p l e  combust ion-re la ted s o l i d  waste today i s  f l y  ash from the  burn- 
i n g  o f  p u l v e r i z e d  c o a l .  I n  s p i t e  o f  vigorous research and market ing e f f o r t s ,  
uses have been found f o r  o n l y  about o n e - f i f t h  o f  n e a r l y  50 m i l l i o n  tons  o f  f l y  
ash produced each year  (4 ) .  Disposal i s  t he  o n l y  p r a c t i c a l  op t i on  a v a i l a b l e  today 
f o r  wet o r  d ry  FGD wastes. More than 150 U.S. u t i l i t y  i n s t a l l a t i o n s  generat ing 
wet scrubber sludge a r e  operat ing,  under cons t ruc t i on  o r  planned, w i t h  a t o t a l  
capaci ty  o f  over 70.000 MWe ( 5 ) .  About 25 m i l l i o n  tons  ( d r y  bas i s )  o f  sludge 
o r  50 m i l l i o n  tons  o f  wet vacuum f i l t e r  cake a r e  now generated annua l l y  and, as 
new systems come on l i ne ,  t h i s  amount w i l l  increase s i g n i f i c a n t l y .  

A p o t e n t i a l l y  b e n e f i c i a l  approach t o  the d isposal  o f  t he  above wastes cou ld  
be pretreatment i n  t h e  form o f  s t a b i l i z a t i o n  o r  f i x a t i o n .  The research work re -  
po r ted  he re in  dea ls  w i t h  development o f  a s t a b i l i z a t i o n  by s i n t e r i n g  process f o r  
t h e  above wastes t h a t  uses the  energy der ived from f u e l  contained i n  the  coa l  
c leaning re fuse  i t s e l f .  The process c a l l s  f o r  p u l v e r i z i n g  the wastes when neces- 
sary, forming them i n t o  granules i n  a r o t a r y  pan agglomerator. and then f i r i n g  
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t he  granules t o  a s i n t e r i n g  temperature. The r e s u l t i n g ,  r e a d i l y  d isposable prod- 
u c t  cons is ts  o f  rock-hard granules t h a t  a r e  h i g h l y  r e s i s t a n t  t o  environmental 
degradation. 

S t a b i l i z a t i o n  r e s u l t s  are repor ted f o r  coal c lean ing  re fuse  alone and f o r  
r e f u s e / f l y  ash and refuse/sludge mixtures.  The amount o f  carbon i n  t h e  granules 
i s  c r i t i c a l  t o  t h e i r  behavior du r ing  combust ion/s in ter ing.  Other i n v e s t i g a t o r s  
(6,7) have found t h a t  a carbon content  o f  5-1OXw i s  s u f f i c i e n t  t o  achieve t h e  
des i red  l e v e l  o f  s i n t e r i n g .  I f  the  carbon content  i s  t o o  high, t he  granules over- 
heat upon combustion o f  t h e  f u e l  present  and sof ten,  forming a s lag.  Blending 
f l y  ash o r  FGO sludge w i t h  the re fuse  prov ides t h e  necessary reduc t i on  i n  carbon 
content  per u n i t  weight o f  granules and an e f f e c t i v e  means f o r  d ispos ing o f  these 
wastes. 

DESCRIPTION OF WASTES USE0 

A f lowsheet  f o r  t he  process i s  shown i n  F igure 1. 

Analyses o f  t h e  coal  c lean ing  and coa l  combustion wastes used a re  g iven i n  
Table 1. The coal c lean ing  refuse was c o l l e c t e d  a t  t he  Peabody Coal Company R ive r  
King coal  preparat ion p l a n t  i n  Freeburg, I l l i n o i s .  The waste was de r i ved  f rom 
I l l i n o i s  No.6 coal which i s  h igh  v o l a t i l e  C, bi tuminous, medium hea t ing  va lue 
(24,400 kJ/kg; 10,500 B tu / l b ,  as received)  and medium s u l f u r  (4.5%yr). The coal  
i s  cleaned o f  unwanted c lay ,  p y r i t e ,  and o the r  i m p u r i t i e s  by j i g g i n g  a t  a r a t e  
o f  up t o  800 tons/hr. The major minera ls  present  i n  the raw refuse a re  i l l i t e ,  
k a o l i n i t e ,  quartz, c a l c i t e ,  and i r o n  p y r i t e .  

Table 1. Analyses o f  Coal Cleaning and Coal Combustion Wastes 

Weight Percent o r  Value 
I tem Cleaning Refusea F l y  Ashb FGD Sludgeb 

Const i tuent  

Fe203 
MgO 
Na20 

K20 
Ti02 
p205 

C 
S ( i no rgan ic )  
S ( t o t a l )  

15.1% 
5.7% 

43.8% 

13.5% 
n.a.c 
n.a. 

n.a. 
n.a. 
n.a. 

13.9% 
6.0% 
7.3% 

4.5% 
24.3% 

19.8% 
24.9% 
34.4% 

5.1% 
4.0% 
2.1% 

0.3% 
1.5% 
1.8% 

n.a. 
n.a. 
0.7% 

0.2% 

3.4% 
33.7% 
15.6% 

6.1% 
0.6% 
0.2% 

n.a. 
n.a. 
n.a. 

n.a. 
n.a. 
5.4% 

- 
n.a. 

Heating value 6055 kJ/ kg 
(gross)  (2610 B tu / l b )  

a A i r  d r i e d  from an as-received mois ture content  o f  20%,. 
b Reported on a d r y  basis. 
C n.a. denotes n o t  analyzed f o r .  

The sludge conta ined 26.5%, t o t a l  C repo r ted  as CO2. 
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The as-received r e f u s e  contained lumps as l a r g e  as 8 cm i n  diameter and had 
t o  be ground t o  a s i z e  s u i t a b l e  f o r  granule format ion.  The r e f u s e  was ground 
u s i n g  two passes through a Holmes hammer m i l l  equipped f i r s t  w i t h  a screen w i t h  
3/16 i n .  c i r c u l a r  ho les  and then a screen w i t h  1/16 i n .  c i r c u l a r  holes. The 
weighted average diameter o f  t he  product was about 330 microns; 95%w was re ta ined  
on a 325 mesh screen. 

The f l y  ash used was obta ined from t h e  Ottumwa power s t a t i o n  o f  Iowa Southern 
U t i l i t i e s  i n  Ottumwa, Iowa and was from combustion o f  a subbituminous coa l  mined 
near  G i l l e t t e ,  Wyoming. The p a r t i c l e  s i z e  o f  t h e  ash was such t h a t  about 20%, 
was re ta ined  on a 325 mesh screen. The FGO sludge came from t h e  LaCygne s t a t i o n  
of t h e  Kansas City Power and L i g h t  Company near Kansas C i t y ,  Missour i .  The p l a n t  
was burn ing M issour i  subbituminous coal  and us ing  a wet l imestone scrubber t h a t  
produced a non-ox id ized sludge. The l imestone was ground t o  about 70 microns 
p r i o r  t o  s l u r r y i n g  and the  c r y s t a l s  o f  s u l f u r - c o n t a i n i n g  compounds formed ranged 
from 5-200 microns. The S was present  78% as CaS03.kH20 and 22%, as CaS04-2H20; 
78% o f  t h e  Ca was present  as CaC03. 

PREPARATION OF GREEN GRANULES 

Granules as formed i n  t h e  pan agglomerator a re  r e f e r r e d  t o  as green gran- 
u les .  The parameters c o n t r o l l i n g  green granule format ion a re  the  p a r t i c l e  s i z e  
o f  t h e  wastes, amount o f  water added as a b inder ,  residence t ime  of t h e  granules 
i n  t h e  agglomerator ( f e e d  r a t e ) ,  and t h e  angle o f  i n c l i n a t i o n  and rpm o f  t h e  
aggl  omerator. 

The pan agglomerator (Agglomiser, 36 cm pan, 1/8 hp, Mars Minera l  Corp.) 
was equipped w i t h  a v i b r a t o r y  feeder  (Syntron, Model FTOC, FMC Corp.). The water  
t o  serve as t h e  b i n d i n g  agent was added us ing  an automatic spray system o r  a manu- 
a l l y  operated spray b o t t l e .  The refuse/ash and refuse/s ludge mixtures were pre-  
pared by b lend ing  t h e  s o l i d s  i n  a b a l l  m i l l  before they  were added t o  the  agglom- 
e r a t o r .  

A batch method o f  operat ion f o r  smal l  sca le  t e s t i n g  was developed t h a t  gave 
granules o f  p r e d i c t a b l e  and reproducib le  p roper t i es .  Depending upon t h e  condi- 
t i o n s  used, each run  l a s t e d  f o r  30-80 minutes and consumed about 1500 grams o f  
feed. Granules were removed from the pan du r ing  t h e  run as they  reached the de- 
s i r e d  product  s i z e  o f  about 12 nnn diameter. 

Large q u a n t i t i e s  o f  green granules (10-12 kg) were subsequently prepared 
f o r  s i n t e r i n g  and t e s t i n g  f o r  res i s tance  t o  leaching and freeze-thaw degradation. 
The pan agglomerator was operated cont inuously  a t  a s e t  o f  cond i t i ons  p r e v i o u s l y  
determined f rom t h e  smal l -sca le batch t e s t s .  

The green granules formed had t o  be s u f f i c i e n t l y  durable t o  w i ths tand  t h e  
v i b r a t i o n ,  a t t r i t i o n ,  compression, and s i m i l a r  f o rces  t h a t  would be encountered 
i n  a commercial s i n t e r i n g  f a c i l i t y .  D u r a b i l i t y  was measured us ing  t h e  ASTM 6440- 
49 Drop Sha t te r  Tes t  (modi f ied)  and a d rops - to - f rac tu re  t e s t  (8) .  S a t i s f a c t o r y  
granules would show 95%, i n t a c t  o r  b e t t e r  f o r  t he  d rop  s h a t t e r  t e s t  and 15 drops 
o r  b e t t e r  f o r  t he  d rops - to - f rac tu re  t e s t .  

I n  determin ing t h e  optimum cond i t i ons  f o r  green granule format ion,  t h e  t o t a l  
mois ture content  i n  t h e  pan was va r ied  f rom 15-22%,, the pan angle from 45-55", 
and the  feed ra te  f rom 15-60 g/min. Lower mois ture contents  r e s u l t e d  i n  poor par-  
t i c l e  adhesion and granules t h a t  developed breakage planes e a s i l y .  Higher mois- 
t u r e  contents r e s u l t e d  i n  cak ing i n  the  pan. 
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Steeper pan angles r e s u l t e d  i n  g rea te r  granule compaction b u t  a reduced r e s i -  
dence time. A pan speed o f  19 rpm was found t o  prov ide t h e  r o l l i n g  and cascading 
a c t i o n  requ i red  t o  promote continuous granule growth. The bes t  granules were 
obta ined a t  lower feed ra tes  where un i fo rm granule growth occurred and t h e  l onger  
residence t ime  r e s u l t e d  i n  greater  granule compaction. 

The best  re fuse o n l y  granules as determined by d u r a b i l i t y  t e s t i n g  were ob- 
t a i n e d  i n  the  l8-20'& mois ture range us ing  a pan angle o f  45'. Re fuse / f l y  ash 
granules showed lower d u r a b i l i t y  and requ i red  l e s s  mois ture as the  ash con ten t  
was increased. Very s a t i s f a c t o r y  granules con ta in ing  25% ash were obta ined a t  
feed ra tes  o f  15-30 g/min, a pan angle o f  50°, and a mois ture content  o f  17-18&, 
wet basis. 

Granule d u r a b i l i t y  f o r  refuse/sludge mixtures decreased as t h e  sludge con ten t  
increased. Depending upon the  amount o f  sludge present, t he  optimum moisture 
content  va r ied  from 15-22'&. The best  r e s u l t s  were obta ined w i t h  a pan angle 
o f  50" and a feedrate o f  about 50 g/min. 

The amount o f  re fuse  i n  a refuse/ash m ix tu re  was determined by c a r r y i n g  o u t  
a standard l o s s  on i g n i t i o n  ( L O I )  t e s t .  The ash present had a l ready been i g n i t e d  
when i t  was formed i n  the  furnace so t h a t  t he  t o t a l  LO1 could be a t t r i b u t e d  t o  
t h e  re fuse  present. The amount o f  sludge i n  a m ix tu re  was determined by ana lyz ing  
f o r  Ca by xray f luorescence. Knowing t h e  r a t i o  o f  Ca i n  the  sludge t o  t h a t  i n  
t h e  refuse, i t  was then poss ib le  t o  c a l c u l a t e  the  composit ion o f  t h e  b lend.  

COMBUSTION/SINTERING OF THE GREEN GRANULES 

To cause s i n t e r i n g  t o  occur, t he  granules were heated i n  the  presence o f  
a i r  causing t h e  coa l  i n  the  refuse t o  burn, thus r a i s i n g  the  temperature o f  t he  
granules t o  t h e  des i red  s i n t e r i n g  temperature. The green granules used had been 
produced us ing  the cond i t i ons  p rev ious l y  found t o  g i ve  optimum granule d u r a b i l i t y .  

The e f f e c t  on s i n t e r e d  granule p r o p e r t i e s  o f  d i f f e r e n t  t ime-temperature 
treatments was determined us ing small sca le  boat t e s t s  c a r r i e d  o u t  us ing  an e lec -  
t r i c a l l y  heated l a b o r a t o r y  tube furnace (I.D. 3.4 cm). F ive t o  t e n  granules t h a t  
had been p rev ious l y  d r i e d  i n  a 100°C oven were placed i n  an alumina boat which 
was then i n s e r t e d  i n t o  the  tube furnace preheated t o  the  t e s t  temperature. A 
c a r e f u l l y  measured f l o w  o f  a i r  (10 L/min a t  1 atm. and 2OOC) was then  in t roduced  
i n t o  one end o f  t he  furnace tube. 

Granules were s i n t e r e d  a t  temperatures ranging from 900-1200°C f o r  1 hour 
t o  approximate t h e  cond i t i ons  i n  a t r a v e l i n g  g ra te  furnace. The amount o f  s i n -  
t e r i n g  t h a t  had taken p lace was determined by sub jec t i ng  the  cooled s i n t e r e d  gran- 
u l e s  t o  an unconfined compressive s t reng th  t e s t  us ing  an I n s t r o n  machine. The 
bes t  o f  t h e  small  sca le t e s t  r e s u l t s  determined the opera t i ng  cond i t i ons  f o r  t h e  
product ion o f  environmental t e s t  q u a n t i t i e s  o f  s i n t e r e d  granules i n  a l a r g e  tube 
furnace. 

F igure 2 g i ves  t h e  fo rce -a t - f rac tu re  f o r  t h e  s i n t e r e d  re fuse  o n l y  granules 
as a f u n c t i o n  o f  s i n t e r i n g  temperature. The granules s i n t e r e d  a t  1200°C were 
very weak due t o  e a r l y  s lagging on t h e  sur face and incomplete s i n t e r i n g  i n s i d e .  
I n s u f f i c i e n t  s i n t e r i n g  o v e r a l l  took p lace a t  temperatures below about 1075°C. 
The s t ronges t  granules were produced a t  about 1100°C. 

S i m i l a r  small  sca le s i n t e r i n g  t e s t s  were conducted on granules made f rom 
r e f u s e l f l y  ash and from refuse/sludge mixtures.  The h ighes t  f o rce  a t  f r a c t u r e  
(105 l b )  f o r  refuse/subbituminous coal  f l y  ash was obta ined f o r  a 3 : l  re fuse/ash 
m ix tu re  s i n t e r e d  a t  1000°C. Refuse/sludge mixtures i n  a r a t i o  o f  4:1 gave s a t i s -  
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f a c t o r y  s t r e n g t h  (85-90 l b )  a t  1050°C and a t  1075°C. A t  l l O O ° C ,  granules o f  both 
mixtures developed a v i t r e o u s  me l t  o r  s l a g  on the  sur face t h a t  r e s u l t e d  i n  an 
unders in tered co re  and low granule s t rength.  

The large-scale boat  t e s t s  were c a r r i e d  ou t  us ing  a l a r g e  h o r i z o n t a l ,  e lec -  
t r i c a l l y  heated tube fu rnace  and a boat  ( 4  cm x 4 cm x 15 cm) custom made f rom 
a ceramic b r i c k .  The w a l l s  o f  t he  boat were about 8 mm t h i c k  and conta ined f r e -  
quent holes about 6 mm i n  diameter t o  a l l o w  f o r  passage o f  a i r  and combustion 
gases. 

Using the  best  o f  t h e  cond i t i ons  from t h e  smal l -sca le boat t es ts ,  d r i e d  green 
granules were p laced i n  t h e  l a r g e  boat and in t roduced  i n t o  t h e  furnace which had 
been preheated t o  600°C. The f l o w  o f  combustion a i r  was then s t a r t e d  and t h e  
furnace temperature c o n t r o l s  r e s e t  t o  1050°C f o r  the du ra t i on  o f  t he  run. A t he r -  
mocouple placed i n  the  bed o f  granules i n d i c a t e d  t h a t  t he  bed would reach 1050°C 
i n  about 45 minutes and a peak temperature o f  about 1100°C a f t e r  about 60 minutes. 
To ta l  residence t imes o f  90 minutes and 120 minutes were i nves t i ga ted .  

The i n d i v i d u a l  s i n t e r e d  granules from the  l a r g e  boat t e s t s  were e i t h e r  red- 
brown o r  black-brown i n  about a 1:l r a t i o .  The black-brown granules were found 
towards t h e  bottom o f  t h e  bed where t h e  temperature was the  h ighest  and the supply 
o f  oxygen was l i m i t e d .  These cond i t i ons  would be s i m i l a r  t o  those encountered 
i n  t h e  granule bed i n  a t r a v e l i n g  g r a t e  furnace. The black-brown granules were 
s i g n i f i c a n t l y  s t ronger  w i t h  the  s t reng th  i n f l uenced  by residence t ime. The b lack  
c o l o r  i s  thought t o  r e s u l t  from the presence o f  FejO4 and o f  he rsyn i te ,  FeA1204, 
a sp ine l  group t h a t  would add t o  granule s t reng th .  The red-brown granules were 
found a t  t he  t o p  o f  t h e  bed where oxygen was r e a d i l y  a v a i l a b l e  and Fez03 would 
form. 

For a t o t a l  res idence t ime o f  90 minutes, the refuse o n l y  black-brown gran- 
u l e s  gave a f o r c e  a t  f r a c t u r e  o f  about 120 l b ,  t he  3 : l  refuse/subbituminous coa l  
f l y  ash granules 100 l b ,  and the  4 : l  re fuse  sludge granules 150 l b .  The compounds 
i n  the  sludge f a c i l i t a t e  s i n t e r i n g  and increase s t reng th .  

The boat  cou ld  accommodate up t o  180 g o f  granules. 

EVALUATION OF SINTERED GRANULES 

I n  o rde r  t o  be env i ronmenta l ly  disposable, t h e  s in te red  granules must be 
very strong, a b l e  t o  r e s i s t  cyc les o f  f reez ing  and thawing, and e s s e n t i a l l y  non- 
leachable. The l a t t e r  two c h a r a c t e r i s t i c s  were measured us ing  a standard f reeze-  
thaw res i s tance  t e s t  ( 9 ) ,  shake Ex t rac t i on  w i t h  Water Test, ASTM 03987-81 ( l o ) ,  
and EP T o x i c i t y  Test (11) .  

The concentrat ions o f  elements i n  the  leachates from the  refuse/s ludge gran- 
u les  as determined by mass spectroscopy along w i t h  t h e  permiss ib le  l e v e l s  estab- 
l i s h e d  by RCRA r e g u l a t i o n s  (12) are g i ven  i n  Table 2. The r e s u l t s  f o r  a l l  e l e -  
ments a re  w e l l  below the  c u r r e n t  RCRA standards. S i m i l a r  s a t i s f a c t o r y  r e s u l t s  
were obta ined f o r  leachates from the s i n t e r e d  refuse o n l y  and r e f u s e / f l y  ash gran- 
u les.  

The r e s u l t s  from t h e  freeze-thaw cyc le  t e s t s  were most encouraging f o r  a l l  
t h ree  types o f  s i n t e r e d  granules. The weight l o s s  by degradation was l e s s  than  
0.5%,. Na tu ra l  aggregate such as crushed rock w i l l  commonly show a degradat ion 
i n  the  range o f  5-10%, (13). None o f  t h e  s i n t e r e d  granules should o f f e r  a problem 
when disposed of where l each ing  and/or f reez ing  weather occur. 
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Table 2. Leachate ana lys is  o f  s i n t e r e d  refuse/FGD sludge granules 
- 

Concentrat ion o f  metals i n  leachate, ppm (mg/L)* 

ASTM EP ASTM EP ASTM EP ASTM EP 
Element RCRA** 10% FGD 20% FGD 30% FGD Green Granules 

A1 .68 5.33 .51 3.74 .54 7.72 .55 
As 5 .03 - .07 - 
Ba 100 .16 .05 .22 .05 .16 .08 .09 

Cd 1 - .024 . l o 9  
Ca 587 303 558 287 626 545 533 2131 
C r  5 .05 - - 
Fe 4 - 1.5 - 2.3 .1 
Pb 5 - - .005 - - 
H9 .02 .OD65 .0041 .0071 .0007 .0048 .0031 .008 .0096 

Se 1 .007 .009 - - .015 - .34 .072 
S i  10 23 8 18 9 42 5 4 
Ag 5 

* Concentrat ions n o t  shown were below d e t e c t i o n  l i m i t s .  
** RCRA (EPA) l i m i t s  a re  100 t imes d r i n k i n g  water standards. 

EVOLUTION OF SULFUR DURING SINTERING 

Combustion/sinterin’g o f  the  green granules r e s u l t s  i n  re lease o f  about 
th ree- four ths  o f  the  S present as SO2 i n  the  o f f  gases. A microreac tor  system 
i l l u s t r a t e d  i n  Figures 3 and 4 has been b u i l t  t o  o b t a i n  a more fundamental 
understanding o f  S e v o l u t i o n  and the  reac t ions  t a k i n g  place. 

The mic roreac tor  i s  made o f  s t a i n l e s s  s t e e l  and i s  equipped w i t h  a combustion 
a i r  d i s t r i b u t o r  and a removable mount f o r  a s i n g l e  granule.  Th is  arrangement 
ensures u n i f o r m  contac t  between t h e  combustion a i r  and the  granule,  and c o n t r o l  
o f  the s i n t e r i n g  t a k i n g  place. By ana lys is  o f  t h e  o f f  gases and the granule, 
the  e f f e c t s  o f  s i n t e r i n g  c o n d i t i o n s  and of granule composition, diameter, and 
p a r t i c l e  s i z e  on the  p a t t e r n  o f  S e v o l u t i o n  can be determined. 

P r e l i m i n a r y  t e s t s  have shown t h a t  a surge o f  SO2 c o n s i s t i n g  o f  about two- 
t h i r d s  o f  t h e  S present i n  t h e  granules i s  released i n  about the  f i r s t  o n e - t h i r d  
o f  the combustion process. The SO2 concent ra t ion  i n  the o f f  gases dur ing  t h i s  
t ime would be expected t o  be r e l a t i v e l y  h i g h  because o f  the  l i m i t e d  amount o f  
combustion a i r  requ i red  and t h e  r e c y c l e  o f  combustion a i r  f rom windboxes t o  hoods 
along the  t r a v e l i n g  gra te  furnace. A SO2 conten t  o f  3-5%, appears t o  be r e a d i l y  
a t t a i n a b l e .  I f  i t  proves t o  be u n a t t r a c t i v e  t o  thus process a l l  o f  t h e  o f f  gases, 
the more d i l u t e  f r a c t i o n  cou ld  be recyc led  t o  the  power s t a t i o n  FGD system. Re- 
covery of S f rom the  o f f  gases as S o r  H2SO4 would serve t h e  dual purpose o f  con- 
t r o l l i n g  S emissions and genera t ing  a valuable byproduct. Sulfur recovery from 
waste gas streams i s  a w e l l  proven and w e l l  e s t a b l i s h e d  technology (14).  

CONCLUSIONS 

The combust ion /s in te r ing  o f  granules o f  coal  c lean ing  re fuse  o r  o f  re fuse  
mixed w i t h  f l y  ash o r  FGD sludge has been shown t o  y i e l d  a s t rong and h i g h l y  v i t -  
r i f i e d  product.  Durable green granules were prepared i n  a pan agglomerator us ing  



wate r  as t h e  b i n d e r .  A l a b o r a t o r y ,  bench s c a l e  procedure was developed t o  approx- 
ima te  t h e  combus t ion /s in te r i ng  t h a t  occurs i n  a commercial t r a v e l i n g  g r a t e  f u r -  
nace. Most o f  t h e  energy r e q u i r e d  f o r  t h e  s i n t e r i n g  can be d e r i v e d  f rom t h e  f u e l  
i n h e r e n t l y  present  i n  t h e  re fuse .  A l l  t h r e e  types 6f s i n t e r e d  granules were found 
t o  be e n v i r o n m e n t a l l y  compat ib le  as measured u s i n g  s tandard ASTM and EP l e a c h i n g  
t e s t s  and a f reeze- thaw c y c l e  t e s t .  The byproduct  recove ry  o f  S f rom the  
combus t ion /s in te r i ng  o f f  gases looks p romis ing  based on l a b o r a t o r y  m i c r o r e a c t o r  
s tud ies.  
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Fig. 1 Schematic flowsheet for the granulation/sintering waste 
stabilization process. 

100 , , I I 1 1  I I U  1 1 1  

V 

LL 
2 50 
t- 40 ? 
W o 30 
[r 

0 ~ ~ ~ ' t " " l ' ' l '  
800 900 I O 0 0  I100 I200 

FURNACE TEMPERATURE, ' C  

Fig. 2 Force-at-fracture for sintered refuse only granules 
as a function of small-tube furnace temperature. 
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Fig. 3 Schematic flowsheet f o r  the system t o  measure SO2 evolut ion.  
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Fig. 4 Microreactor f o r  the combustion/sintering o f  s ingle granules. 
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APPLICATION OF FIRST-ORDER SINGLE-REACTION MODEL 
FOR COAL DEVOLATILIZATION OVER A WIDE RANGE OF HEATING RATES 

G.H. KO, D.M. Sanchez, W . A .  Peters, and J.B. Howard 

Department of Chemical Engineering and Energy Laboratory 
Massachusetts Institute of Technology, Cambridge, MA, 02139 

INTRODUCTION 

The first-order single-reaction model offers a simple but effective 
mathematical description of coal devolatilization. Under conditions where the 
effects of physical transport processes and secondary reactions are relatively 
small but not negligible, the model approximates the complex chemical 
decomposition and any transport effects by a single global first-order 
decomposition reaction occurring uniformly thrqughout the particle. In more 
complete devolatilization descriptions that explicitly include mass transfer, the 
model represents only the chemical decomposition. 

The model is most useful in applications where minimizing computational 
effort is important such as in large combustion or gasification models that fully 
describe fluid mechanics, heat and mass transport, and reaction kinetics; and in 
comprehensive devolatilization models that explicitly include the complex 
decomposition and secondary reaction chemistry, and multicomponent mass transfer 
in a gaseous or liquid phase environment. However, the model has a major 
weakness in that a different set of rate parameters is required at different 
heating rates. Thus, for a given set of rate parameters, the applicability of the 
model is confined to a narrow range of heating rates. 

This paper presents a novel method to extend the applicability of the first- 
order single-reaction model over a wide range of heating rates. The two rate 
parameters in the model, a pre-exponential factor and activation energy, are 
derived in the form of heating rate dependent functions. The total weight loss 
data from devolatilization of a Montana lignite over heating rates from ~ 0 . 1  to 
lo4  C/s were used to illustrate the derivation procedure, and to test the 
reliability of this method. 

EXPERIMENTAL DATA 

The devolatilization weight loss data used in this work were obtained using 
the thermogravimetric analyzer at low heating rates (0.67-2.67 C/s) (l), and the 
electrical screen-heater reactor at high heating rates (650-104 C/s) (2). In 
both reactors, small samples ( <20 mg) of a Montana lignite in the particle size 
range 50 to 100 pm were used, with reactor conditions of 1 atm pressure and 1000 
C maximum temperature. 

The maximum volatiles yield, V*, indicated by the upper asymptotic limit of 
the time-resolved yield curve, is one of the input parameters in the firat-order 
single-reaction model. For a Montana lignite, V* can be assumed to be 
independent of heating rate since the experimentally observed V* is reported to 
be constant at =40 wt% (as-received) between the heating rates of 0.1 and lo4 C/s 
(1,2,3). For higher rank coals, e.g., softening HVB coals, this assumption is 
still valid, but only over a narrower heating rate range. Suuberg et al.(3) 
observed a constant V* of 47 wt% (as-received) between the heating rates of 350 
and 15,000 C/s for a Pittsburgh Seam HVB coal under 1 atm, whereas Serio(4). and 
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Weimer and Ngan(5) reported a much lower V* of 30 to 37 wt% (as-received) between 
0.05 and 0.2 C/s for the same type of coal. 

HODEL DESCRIPTION 

The rate of volatiles evolution in the first-order single- reaction model is 
represented as, 

dV/dt - kos exp(-E,/RT) (V* - V) (1) 

where V is the cumulative amount of volatiles evolved up to time t, V + V* at 
large t, and the subscript s denotes single-reaction. The global rate 
parameters, kos and E,, are heating rate specific, and thus a given set is only 
applicable over a narrow range of heating rates. This limitation restricts the 
use of the model over the confined heating rate range in which the rate 
parameters are valid. 

Integrating Eq.(l), using the approximation of Agrawal and Sivasubramanian 
( 6 ) ,  under a constant heating rate, m, up to temperature, T, yields 

In [(V*-V)/V*] - -k RT2 1-2 RT Esl exp(-E,/RT) 
-I%: [ 1-5[RT:Es)2] (2) 

The above equation was found to be the most accurate integral approximation among 
different methods reported in the literature (7 ,E .g) .  The approximation deviates 
< ?l% from Simpson's 1/3 numerical method for the ranges of E, and T typically 
encountered in coal devolatilization (Es> =lo kcal/mole and T< =lo00 C). 

Another commonly used global devolatilization model, the multiple 
independent parallel reaction (MIPR) model was used (next section) to represent 
the experimental weight loss data from different heating rates. With just one 
set of rate parameters, the MIPR model successfully describes volatiles evolution 
data with heating rates that span several orders of magnitude (2,5,10311), but it 
has a drawback in that it requires more computational effort. The rate of 
volatiles evolution in the MIPR model is expressed as the sum of the 
contributions from multiple first-order independent parallel reactions, 

dV/dt - koi exp(-Ei/RT) (Vi*-Vi) (3) 

where i denotes one reaction. The same pre-exponential factor is used for all 
reactions, i.e., k,i - ko, and the activation energies are described by a 
Gaussian distribution with mean Eo and standard deviation u. Thus, 

f(E) - [u(~x)~/~]-' e~p[-(E-E~)~/2o~] (4) 

where f(E) - Vi*/V* for a large number of reactions and V* is the sum of the Vi* 
for all i. Integration of Eq.(3) for any temperature history yields 
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DERIVATION OF HEATING RATE DEPENDENT KINETIC PARAMETERS 

To extend the use of the model over a wider heating rate range, we seeked to 
relate E, and kos to the heating rate, m, in the form of 

E, - f(m) (6) 

kos - g(m) (7 )  

where f and g represent mathematical functions derived below. 
The combined weight loss data of Ciuryla et al.(l) and Anthony et a1.(2) 

were fitted using the MIPR model. Table 1 gives the best-fitted parameter values 
from fitting the combined data set, as well as those obtained by Ciuryla et 
al.(1) and Anthony et a1.(2) using only their own data. The two groups of 
investigators(l.2) have shown that this model has an excellent capability to fit 
the data over a wide range of heating rates with just one set of parameter 
values. 

An arrhenius plot (Fig.1) was then produced using the rate of total 
volatiles evolution predicted by the MIPR model at heating rates 0.1, 1, 10, lo2, 
lo3, and lo4 C/s [Eq.s (3) and (5), Table l(c)]. The lines in the figure are 
sufficiently straight to assume a first-order single-reaction behavior for each 
of the heating rates. Table 2 gives the values of E, and kos computed from 
Fig.1, which respectively represent the slope and the y-intercept of the lines in 
the figure. 

Plotting individually the values of kos and E, versus [3+lOglo(m)] from 
Table 2 produced the following relationship: 

loglok,, = -3.16514 + 0.941867(3+log10m) (8) . 
E, - 5909.411 + 182.7911(3+log10m) + 66.80278(3+1og10m)~ (9) 

The correlation coefficient exceeded 0.999 in both cases, assuring that the rate 
parameters computed from the above equations closely agree with those obtained 
from Fig.1. 

RESULTS AND DISCUSSION 

Figure 2 shows that the predicted weight loss behavior by the first-order 
single-reaction model [Eq.s (2), (8) and (9)] agree well with the data 
represented by the predictions from the MIPR model [Eq.s (3) and (5), Table 1 1 .  
Thus, with the heating rate dependent kinetic parameters derived in this study, 
the single-reaction model can successfully be applied over a wide range of 
heating rates. Furthermore, the use of the integral approximation of Agrawal and 
Sivasubramanian(6) allows the volatiles evolution rate equation [Eq.(l)] to be 
expressed in an analytical form, which considerably reduces the computational 
effort. 

The empirical coefficients in Eq.s (8) and (9) are specific for the data 
from which they were best-fitted. However, since a given data set can accurately 
be described by a set of MIPR model parameters, a more general form of Eq.s (8) 
and (9) may respectively be represented as functions $ and 4 

$(Es,Eo,o,ko,m,T) - 0 (10) 

4(kos,Eo,o,ko,m,T) - 0 (11) 

114 

I 



V* also varies for different data, but it has no effect on the rate parameters of 
either models. Equating [ (dV/dt)/(V*-V)]/ln[ (V*-V)/V*] from Eq.s (1) and (2) to 
that from Eq.s (3 )  and (5) yields the function $ in the form of 

Es2 + (QRT2/m)Es -[5(RT)2+2QR2T3/m] - 0 
where Q is [ (dV/dt)/(V*-V)]/ln[ (V*-V)/V*] obtained from Eq.s ( 3 )  and ( 5 ) ,  and is 
a function of only Eo, u ko, m and T. Having obtained E, from Eq. (12), 
rearranging Eq. (1) yields the function 4 

kos - [(dV/dt)/(V*-V)] exp(Es/RT) - 0 (13) 

where [(dV/dt)/(V*-V)] is obtained from Eq.s ( 3 )  and (5). Although rigorous, the 
above equations are too complex to readily observe the effect of changing Eo, u ,  
or ko on E, and kos. Also, for the same reason, it is difficult to detect any 
relationship between Eq.s ( 8 )  and (12). and Eq.s (9) and (13). 

Although qualitative, Table 3 provides a useful means to predict the effect 
of a new data set on E, and kos. For a given heating rate, the new time-resolved 
rate (or yield) curve is characterized by Tmax and Tsig, where Tmax represents 
the temperature at which the maximum rate occurs, and Tsig the temperature spread 
of the curve. The temperature spread is arbitrarily defined as the range of 
temperatures in which the yield is between two fixed values [e.g., KO et al. (11) 
used 15.87 and 8 4 . 1 3 %  of the final yield]. Some examples will illustrate how to 
use the table. E.g., 1: for a fixed heating rate, the new data have higher Tsig, 
but no change in Tmax. Table 3 shows that the newly fitted kos must be lower to 
match the increased Tsig, and the new E, must also be lower to off-set the 
increase i n  Tmax caused by the lower kos. E.g., 2: again for a fixed heating 
rate, the new data have higher Tmax, but no change in Tsig. The table shows that 
the newly fitted E, has to be higher to match the increased Tmax, and the new kos 
is unchanged. Table 3 can also be used to relate qualitatively Eo, u ,  and ko to 
E, and kos. For example, the reason why the fitted E, and kos for the same data 
are generally smaller than the Eo and ko ,respectively, is that a finite u 
requires kos to be smaller than ko to produce to same Tsig. Since lowering kos 
increases Tmax, E, must also be smaller to off-set the increased Tmax. 

The correlation procedure developed here can easily be applied to describe 
the evolution of total volatiles of other coals, and individual product species. 
A new set of Eo, (7, ko and V*, best-fitted using the MIPR model, can be used to 
represent the new data set. Despite the lack of rigorous proof, the form of the 
Eq.s ( 8 )  and (9) are expected to remain the same, only the coefficients need to 
be re-fitted using the newly computed values of E, and kos at different heating 
rates. 

CONCLUSIONS 

This work has demonstrated that the first-order single-reaction model can 
successfully be applied over a wide range of heating rates using the heating rate 
dependent kinetic parameters [Eq.s ( 8 )  and (9)]. 

The use of the integral approximation method of Agrawal and 
Sivasubramanian(6). provides an accurate analytical solution of the single- 
reaction model rate equation [Eq.(l)] for the ranges of E, and T typically 
encountered in coal devolatilization. 

The heating rate dependent kinetic parameters combined with this integral 
approximation are expected to be useful in applications where minimal 
computational effort is desired. 
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Table 1 : Best-Fitted Global Rate Parameters for the Multiple Independent 
Parallel Reaction Model Using Total Weight Loss Data from Montana 
Lignite. 

(a) (b) (C) 
Fitted By: Ciuryla et al.(l) Anthony et a1.(2) This Study 
Data Source: Ciuryla et al.(l) Anthony et a1.(2) Ciuryla et al.(1) 

Anthony et al.(2) 
Heating Rate : 0.67 2.67 650 - LO4 0.  67-104 

Cooling Rate: -c C =200 E200 (C/S) 

(C/S) 

Log(ko/s-') 13. 22b 13. 22b 13. 22b 13.22b 8.91a 
Eo, kcal/mole 54.3 53.3 56.3 56.8 38.6 
u kcal/mole 1.32 1.21 1.09 1.16 0.706 
v'. wt% as 41.1 41.2 40.6 41.0 40.0 

received 

a Allowed to vary. This set of parameters was used to produce Fig.1. 
This parameter was fixed. 
Continuous heating until all reactions are completed. 

Table 2 : Computed E, and kos from the Arrhenius Plot in Fig. 1. 

Heating Ratea Pre-Exponential Factor(kos) Activation Energy(Es) 
C/S S - 1  cal/mole 

0.1 0.05076 6528 
1 0.4578 7078 
10 4.089 7718 
102 36.19 8489 
103 309.2 9385 
104 2582.0 10480 

a Continuous heating until all reactions are completed. 
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Table 3 : The Effect of Changing Tmax and Tsig on the Global Rate Parameters of 
the First-Order Single-Reaction Model (E, and kos) and of the 
Multiple Independent Parallel Reaction Model (Eo, u and ko). 

The Effect of Increasing(t) 
the parameter X on : 

Parameter X 

a NO change. 

Tmax Tsig 

n 
3 

.t: c 
4 

d 

-1 

-2 

-3 - 

4- 

-5 - 
-6 , 1 1 , 1 , 1 1 1 , 1 , 1 , , , , , 1 , 1  

0.s 0.7 0.a 1.1 1 2  id 1.7 1.0 21 u za : 

103 KIT 

r 

Figure 1 : Arrhenius Plot for Total Volatiles Evolution of Montana Lignite 
Described by the MIPR Model [Eq.(3) and (5), Table l(c)]. 
represent the rates computed between 1 to 99% of total volatiles 
yield. 

?e lines 
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NUMERICAL MODELING OF DIRECT SORBENT INJECTION FOR SO2 REMOVAL 

J. J. Lee 

Tlie University of Tennessee Space Institute, Tullahoina, Tennessee, 37388 

Abstract 

A modeling study of steady, turbulent, reactive multi-phase How iii a duct injection Rue gas desulfurization 
(FGD) system is reported in this paper. The streani-fuiictioii/vorticity method was used in finite difference form. 
The &-E model was used for turbulence closure. A siinple integrated forniulation was eniployed t o  conipute the 
behavior of sorbent droplets injected into tlie Hue gas stream. The sorbent may be injected either u slurry or solution 
into a hot flue gas, or ad ry  sorbent niay be injected into a cooled and humidified Hue gas. A coiiipreliensive heat and 
inass transfer niodel was developed to simulate the evaporatioii of the sorbent droplets a i d  the nbsorpt ioi i / re~t ioi i  
of SO? in the sorbent droplets. 
in this niodel to deterniine the overall SO? removal rate. Nuinerical calculations and comparisons with available 
experimental data  were inade and are discussed. 

Dissolutioii kinetics of lime particles within 3 slurry droplet w 

1. Introduction 

In the United States, tlie emission of sulfur oxides has attracted much attentioii. The dispersion of sulfur oxides 
arising from combustion of fossil fuels has a dramatic impact on the environment. Reinoval of sulfur oxides froin 
Hue gases is very important in air pollution control. A sorbent in-duct injection system is proposed as a method for 
Rue gas desulfurization. Chemically the system is similar to  a spray dryer or dry scrubber. 

In the sorbent in-duct injection system, a cheniically reactive sorbent, usually lime or hydrated linie o r  dolomite, 
' is injected into a highly turbulent Rue gas containing sulfur dioxide. The sorbent may be iiijected as slurry or solution 

into the hot (typically 275 to 350" F) flue gas, or il dry sorbent may be injected into a cooled and liuniidified flue gas 
(typically IGO to 180" F ) .  Processes that occur in the duct include t,he evaporation of water from slurry or solution 
spray with resulting cooling and humidification of the gas; sorption of sulfur dioxide into the water of the slurry 
or aolutioii droplet; dissolution of the slaked lirnr into the water: iraction of the sulfur dioxide with t h e  Lime or 
dolomite; and some as-yet less understood effects, such .as, the reaction of sulfur dioxide with "dry" sorbent after 
evaporation of slurry or injection of dry sorbent following liuinidification of the gas. 

The Energy Conversion Research and Development Progranis of tlie llniversity of Tennessee Space Institute 
(LrTSI) is presently involved in research of of direct sorbent injection for combined SO?/NO,  removal under Depnrt- 
nient of Energy Pittsburgh Energy Technology Center contract'. Experiments are being conducted in the Direct 
Sorbent Injection Facility (DSIF). The objective of testing in this facility is to confirm the feasibility of a direct 
sorbent injection FGD system to control emissions of sulfur dioxide and nitrogen oxide from a fossil fuel plant. A n  
extensive literature search also has been conducted at UTSl to collect and collate .usociated spray clieniical reaction 
niodels.3 As a prelude to tlie development of an in-duct sorbent injection FGD system for conintercia1 application 
by 1992, this literature search was carried out  by UTSl at the request of Bruokliaveii National Laboratory and 
Department of Energy, Pittshiirgli Energy Techiiology Center. Tlie overall objective o f  tlie study was to assist tlie 
above organizations in ascertaining the state-of-the-art of computational methods applicable to the in-duct sorbent 
injection FGD system. This effort included analysis of existing analytical models, identifyina salient features and 
shortconiings, and determining the ability of these niodels to he exteiided to adequately design and scale-up sorbent 
injection systems. 

From the above studies, it is found that there is an extremely large gap betweeii the needs of the design engineer 
in practice and the understanding and proposed research tasks of the acadeiiiic researcher w h o  desires to make a 
coiitribution on the FGD modeling front. Literature which describes neinerical models for the sorbent injection 
FGD process is limited. Numerical niodelr for predicting chemical reaction in multi-phase turbulent flow occurring 
i n  in-duct sorbent injection systeins rest on two fnundatioiis: niatheniatical models of physical processes (turbulence. 
evaporatioii. absorptioii. reaction. and multi-phase erects) nnil crmputer codes for solving the appropriate level of 
sophisticat ioii of the resulting tionlinear ggwrrn i i iy  r l  iffereticia1 equations. 

Attempts 10 calculate tlie detailed perforiiiattce of the FGD processes have only been undertaken during t h e  
last few years. Prior to  1986. the best coinputat,i*,ils available were hased on overall global cnlcolations"-". The 
details of the interaction processes between the Hut? qas and the reacting, evaporating particle/droplet were iiot 

quantitatiw. Modeling of turbulent. reactive multi-phase flow i i i  a spray dryer FGD processes is still in n state of 
developtilent. Recent reviews of this subject for the  FGD systents are given in reference materials.' 5.s"11 " It has 
been determined that no niodel currently exists that will completely and accurately niodel the coniplex flow field 
and chemical reactions that take place in the sorbent injection systeiii. However, inoilels are available for portions 
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of the overall process. The available models tha t  have been reviewed at UTSI are suiiimxized in reference 3. 
One objective of the  FGD research at UTSI is to develop a numerical modeling for predicting steady, turbulent, 

reactive niulti-phase flow in a spray dryer FGD system. In the SO?/NO,  renioval process drvelopiiient, a inodeling 
technique using an adaptation of the LEE-2 coniputer program' has been employed a t  IJTSI to  simulate operatioit 
of the experimental program in order to  delineate da ta  tha t  has been collected and to  provide a route which leads 
to  the accoinplishnient of design objectives. These efforts have included analyses directed a t  achieving an adequate 
model of the gas/puticle dynamics and lieat/niass transfer with or  without cheniical reaction for evaluation of  
experinients. 

2.  FGD Modeling Efforts 

This section sunimarizes the numerical niodek which characterize the coniplex gas/particle flow field features 
for the direct sobent injection in the FGD system. This work was undertaken to aid in evaluation of experimental 
perforniance of the DSIF test traiii. Its objectives were to  provide a ineans by which the flowfields and the SO? 
removal process that develop within the FGD systein could he viewed and qualified. Background on  the ~notlel 
developnieiit and case studies that were performed using this niinierical code in its original form are contained in 
the published works of Lee'-"-'' For this present study. tlie inodel was refined t o  inake it more amenable to t h e  
FGD duct. These refirieinents included a recasting of the governing flow equations to incorporate the effects of 
multi-phase flow behavior. A detail description of the model used is much t o  involved for any indepth discussion 
herein. However, a general overview of the niodel bighlight.illg some of its techniques and salient features is briefly 
presented in following paragraphs. 

The numerical model provides a solution t o  the elliptical, fully turbulent form of flowfield conservation equations 
in either a two-dimensional Cartesian or an axisymnietric coordinate system. The gas dynamic model which utilizes 
a stream functionlvorticity forniulation to  the Navier-Stokes equations for conipressible, turbulent flows forins the  
basis for the inodeling. This approach provides a powerful means of analyzing recirculating flows wherein explicit 
dependency of the flow upon pressure is eliminated. Recovery of both the pressure and the velocity distributions 
throughout the flow is accomplished once the stream function and vorticity are defined frvi i i  solution. The model 
utilizes the standard high Reynolds iruiiiber forin of tlie K-E model for tirrbiilrnrr clmure. T!!e mnde! en!p!ys 
the law-of-tlw-wdl and its related cecliniques to address near wall phenoniena. This hypothesis allows realistic 
predictions of both wall shear losses and convective heat/niass transfer rates. 

To solve the flow field equations in a non-equal spacing grid system a chain-rule technique is used t o  transform 
the physical spray-dryer plane into a rectangular computational plane. The goveriiing equations and boundary con- 
ditions are rewritten in teriiis of computational plane coordinates 2nd solved using finite-difference approxiniations. 
h order to extend the finite-difference equatiolls beyond second order accuracy, a "decay fuuction"LG is introduced. 
This technique assures stability in iiunierical iiiaiiipiilation of the equations a t  interior grid points of computational 
field. Solution of the finite-difference equattond together with prescribed boundary conditions is achieved by a11 

iterative, point by point, successive underiover relaxation Gauss-Seidel scheme. 
The equations iieeded to  model the particle or droplet trajectories are the differential equations of niotioiil.'. 

The particle trajectories are computed by integrating these equations, gravitational force. gas viscosity and gas 
velocity are assumed constant over the time of iiitegration. The spray model involves mass, inoinentiini and energy 
transfer processes which through their mutual coiipling define the local state of the How. This coupling can be either 
tinilateral or bilateral, in other words, it can be assumed that the effects on the g.u flaw of the spray embedded 
within it are negligible, or, the effects of the presence of particles on the gas phase can he accounted for. The 
unilaterally coupled spray trajectory iiiodel is a useful first approxiination to the overall hehavior of a spray within 
a complex aerodynaniic flow field. This technique beconles inore exact as the spray becomes more dilute. Therefore, 
unilateral coiipling is assunied for the spray trajectory nlodel for the initial iuvestigation. III order to enlploy this 
assuitiption, particle trajectories are conlputed by the equations of iiiot,ioii given the gas phase flow field for n variety 
of assumed initial particle sizes, velocities. and spray angles. 

A heat and mass  transfer iiiodel. SPRAYMOD, of SO? reniaval ill il spray-dryer FGD system developed by 
Danile' was employed t o  siiiiulate tlir evaporation of the sorbent droplets and the absorptioii/reactioll of SO? in 
the rorhent droplets. The  code of SPRAYMOD was writt,eii i n  BASIC:. Tliia cmle w rai~sIat,ed to FORTRAN for 
iricorporation ~ n t o  LIEEZ. T h e  iiiudel is UII tlie nssuniptioii tliat rlir >pray (11 C", l l< I  IlF lill,,llate<~ ,lsillg i, 

P I I I K  or backmixed flow illoilel. IJnder tlii p i u n .  the effect o f  relative vr1ocit.y hetwerii the Hue gas and droplet 
is ignored. If tlie relative velocity is zero. the evaporation is tlw same as ill  a s i l l -au  conditioll. However. the iilitial 
velocity of the droplet a t  the exit of the iiozzle is n~ucli higher than t h e  siirroiindiny flow. The effects of relative 
velocity on the iniultaneous heat tranifer from gal phase to the droplet, and mass transfer from tllr droplet to 
[lie phase have been considered during the constant rate of drying period. The particle/rlroplet trajectories 
of various droplet sizes and sorbent particle diameters superimposed in the t w d i n l e n s i o m l  turbulent How stream 
have ako been taken into account. 
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3. Results and Discussions 

The ituiiierical results performed i n  modeling of  the DSIF are presented and discussed. A uni form gas velocity 
profile (Figure 1) adjusted i n  magnitude t o  satisfy iuass conservation w a s  used at  the entrance t o  t l ie test duct. 
Shows i n  Figure 2 is a 16" ID, 18' long cyl indrical duct. Flue gas Sit 305" F enters f rom t l ie left  w i t h  a velocity 
of IO ni/s. The water particles at  110°F with a uniforiii velocity of 36'ni/s enters from the left t l i rough a single 
water spray nozzle producing a 35" cone. Tlie trajectories of the evaporating and reacting particles were calculated 
once tlie gas flowfield was obtained from solution. Figure 2 shows the trajectories of particles 25 pm i n  diaiiieter 
superiniposed i n  the gas Row stream. The shape of the part icle trajectory is directly influenced by the magnitude 
and relationship between the drag forces and t h e  buoyancy forces. A comparison to experimental data' obtained 
froni the DSlF is shown i n  Figures 3 and 4. Therein it can be seen that t l i e  two-dimensional ioodel for predict ing 
this turbulent, two-phase flow is i n  near agreenient wi th  the laboratory experiments. 

Figures 5-11 show the predicted SO, reinoval efficiency for both sorbent solution (sodium carbonate) and slurry 
(hydrated l ime] cases. T h e  results were coinpiited subject to variety o f  sorbent particle dinmeters, d r y  sorhent 
reaction rate coefficients, i i i let droplet diameters, inlet droplet teinperatiire, inlet gas temperature, approacl i  to 
saturation, and Ca/S stoichoi i i r tr ic ratio. T l ie  specifications for t l i e  spray dryer chosen a reference case was 
based on tlie i n p u t  conditions of DSIF SLOOl09A". These are as follows: inlet gas tenipel-ature of 721 R. in le t  gas 
velocity of :30 ft/sec, inlet droplet, temperature of 600 R, i n l e t  droplet diameter o f  4 0  i i i icron, inlet droplet  velocity 
of 250 ft/sec, inlet SO, of I171 P P M ,  a nioleciilar weight of sorbent (C:a(OH)?) of 74 Ib/inole. sorbent density of 
137 Ibni/ft3, sorbent part icle diai i i r ter of 4 n~icron, d r y  sorbent reaction cale coefficieiit o f  1.0x1O7, inole fract ion 
of  water i n  inlet gas of 9.3 , approach to saturation of 29" C, and Ca/S stoicliionietric rat io o f  1.8G. Tl ie  discussion 
of these figures are given as following: 

Effect of Inlet Sorbent Particle Size. Figure 5 shows that SO2 removal efficiency decreases w i t h  increasing inlet 
sorbent particle diameter for the sorbent slurry. Snialler sorbent particles provide a larger cumulative surface area 
for reaction and would, thus, enhance the SO? removal efficiency. O n  the other hand, sirice the sorbent so lut ion are 
highly soluble, the SO, renioval efficiency is expected t o  be higher than t h a t  of aorheiit s lur ry  case. T h e  sorbent 
solution case i shown not t o  be a function of  inlet sorbent part icle size. 

Effect of In le t  Droplet Size. Figure 6 shows that SO? removal efficiency sl ightly decreases for the sorbent solu- 
t ion and slightly increases for  the sorbent slurry w i t h  increasing inlet droplet diameter. 

Effect of D r v  Sorbent Reaction Rate Coefficient. Tlir reaction rate coefficient depends on the dif fusivi ty o f  SO? 
i n  the solid illaterial, t l i e  part icle size, and t h e  moisture content of the particle/droplet.' T h e  abi l i ty o f  t l ie  cl iei i i ical 
reaction iiiodrl t o  predict ohserved efficiency i a  highly dependent on t l ie user's choice of a reaction rate coefficient. 
Figure 7 shows t l i e  correspondence betweeii the reaction rate coefficient and SO? removal efficiency for t h e  s e t  
o f  operating conditions. This figure indicates that the reaction rate coefficient does not affect the efficiency u n t i l  
t l ie coefficient exceeds a value of  10'' cni'/gniole.s. [ii the present study, a value of IO' was assumed u n t i l  f l i r ther 
information hernines available. 

E R e c t o l h D r a D l e t  TeniDerature. Figure 8 ~ h n w s  that SO? removal efficieiicy decrexses very d i g h t l y  wi th  
increasing inlet droplet temperature for both solutioii and slurry cases. 

Elfect of Iiilet Gas Teinoerature. Several concIu2iioiis liave been reported regarding the effect o f  inlet gas teni- 
perature on SO, renioval etficiency. The experimental resiilts performed by Apple and Kel lyLs indicate t h a t  SO3 
removal efficiency increases w i t h  increasing inlet pas teiiiperatore. However, Biiel14 concluded from his experimental 
tests that the inlet gas tei i iperati i re has a negligible effect. Tlie nunierical results performed by Danile, e t  al." 2nd 
Ma, et a1.I" indicate that SO,. r e i i i w a l  efficiency increases slightly w i t h  increasing i i i l e t  gas teinperature. Figure 
9 sliows that SO? reinoval eficiency increaes for t l i e  ;orbent. solution and decreases for t h e  sorbent s lur ry  wi th  
increasing inlet gas teiiiperatiire. This i i i ipl iei  that t l i e  effect o f  irilet gas terriperstsre on SO, removal efficiency 
depends upon t l ie form of  sorbent. 

Effect of ADDroach to Saturatioi i .  Approach to satural ioi i  is defined u t h e  diKerence hetween flue gas exit  
temperature and dew point. Once the gas exir tei i iperati i rs ai id dew point  are defined froi i i  the solut ion based on 
t h e  process stream inaterial and energy baln~tce. the approach to s t u r a t i o n  teinperature can he computed. This is 
a11 iniportant process paraineter. Nunierical results iiidicate that SO2 reilloval efficiency decreases wicl i  increasing 
approach s t i i r x t i o n  t~emperature"." 2s illiist,rsted i n  FiRiire in. This is due t o  t,he decrease iii tota l  ( l rop let  area 
r e s u l t i w  from the decreased voluiiie of i p r n y  dur iug the d r y i i q  period and the decrease i n  core v ~ l u i i i r  of equil ibr iuni 
water lhrld by t l ie solid after the (Iryi i ig period ends. 

ERect, of Inlet CaIS Stoichiometric Ratio. Stoicliionietric rat io is defined as the nioles of C'nlOH).: fed to t l ie 
systeni per n d e  of  SO?. This  parameter is thought to he the most impor tant  factor influencing the FGD system 
performance. The overall SO? reniovol efficiency increases successively w i t h  increasing inlet Ca /S ratio.".'j '.*' 
Figure 11 denlonstrates this for h o t l i  sorbent solution a i id  slurry cases. This is diir n ia in ly  to the decrease in 
l iquid-phue resistance t o  SO2 mass transfer dur ing the dry ing period. 

Finally, a c o r ~ i p ~ r i s o n  to D S I F  experi i i ientd SO? removal data for this calculation is given in Figure 12. The 
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inodel predicted the SO? renioval efficiency w i t h  il tendency t o  under-predict at t l ie upstream of the spray dryer. 
Since no good correlations are available to estiiiiate t l i e  liquid-phase resistance in the droplet to the mass transfer‘ 
t l ie diHeresce between predicted and measured efficiencies was anticipated. 

4. Conclusions 

The numerical results presented above predict several significant phenomena i n  t l i e  FGD systeni. Although it 
is t l ie author’s opinion t h a t  a full  understanding of these plienoineiia is far froni being achieved, it is hoped t h a t  
these results w i l l  aid in advancing t l ie fu ture research efforts. M a j o r  higl i l igl i ts and conclusions of the present study 
are: 

I. A general two-dimensional coniputat ional procedure w.ls developed to niodel steady, turbulent, reactive, 
multi-phase flow in a spray dryer FGD system. A clientical modeling program, SPRAYMOD, was successfully 
incorporated i n t o  a general f luid modeling program, LEE-2. 

2. The effects of relative velocity on the siniultaiieous heat transfer from gas phase t o  the droplet, and the 
inass transfer f ron i  the droplet to t l ie gas phase were considered dur ing the coiistant rate of dry ing period. T h e  
patt icle/draplel trajectories superinrposed i n  the two-diinensioiial turbulei i t  flow sLreani were also taken i n t o  account. 

3. Comparison with one set of the  DSIF data sliows good agreenieiit between model predicted and observed 
part icle velocity dislr ibutions. 

4. Parametric studies reviewed herein have brought t o  l ight some of the gross effects of inlet-gm specifications 
and operating par.mneters on the duct  injection F G D  performance. The numerical results show that  i n l e t  Ca/S 
stoichiometric ra t io  reinnins tlir single most impor tant  aspect of the duct  inject ion on i t s  performance. However, 
other variables wliicli showed appreciable influence included the d r y  sorbent reaction rate coefficient and t h e  forni of 
sorbent. Thi. study provided R considerable insight for duct inject ion F G D  perfornmnce optimization and scale-up. 

5 .  To correct the tendency t o  under-predict the SO? renioval efficiency at the upstream of  the duct  inject ion 
would require modeling of the wet part icle stage. 

6. A three-~liinriilii”i,=I numerical inode1 for B duct  inject ion FGD s y s t e m  will be pursued L- a l i l t t i re  effort to 
compute the gas Row field. the droplet  o r  jorhent particle dynaniics, and t l i e  evaporation and clieniical reactions 
simultaneously. The droplet/part icle size distribution, agglomeration of particles, and wall deposition should also 
be considered i n  t l i e  niudel. 
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A MECHANISTIC MODEL FOR AXISYMMETRIC CAVITY GROWTH 
DURING UNDERGROUND COAL GASIFICATION 

Jerald A. Britten and Charles B. Thorsness 

Lawrence Livermore National Laboratory, P.O. Box 808, L-367, Livermore, California 94550 

Underground coal gasification (UCG) is a process in which coal energy is recovered without mining 
by artificially enhancing gas permeability in a section of a coal seam, igniting the coal remotely, 
partially combusting and gasifying coal by means of injected oxygen-steam-air mixtures, and 
collecting the product gas for cleanup and processing for a variety of end uses. The technology 
has been the subject of active field, laboratory and modeling research in the U.S. and Europe for 
more than 15 years, and during this time significant advances have been made and the process is 
nearing commercialization. 

The size of the cavity formed during UCG impacts directly the economic and environmental 
factors crucial to its success. Lateral dimensions influence resource recovery by determining the 
spacing between modules, and ultimate overall dimensions dictate the hydrological and subsidence 
response of the overburden. Field experiments of UCG are expensive, and unless the cavity can 
be excavated after the experiment, cavity geometry can only be approximately inferred from 
post-burn coring, thermowell responses, electromagnetic and seismic mapping data and material 
balance calculations. In 1986, normal coal mining operations at the site of an UCG field test 
performed in 1983 near Centralia, Washington, the Partial Seam CRIP or PSC test (I), offered a 
unique opportunity to excavate a cavity of near-commercial scale. This excavation (2,3) provided 
data on ultimate cavity shape and characteristics which have profoundly aided our understanding 
of the UCG process. However, the data provide only indirect information as to cavity growth 
dynamics, and it is clear that a reliable mechanistic model for UCG cavity evolution and gas 
production would be extremely useful for site characterization and process simulation. Previous 
cavity growth models (e.g. (4-7)) are of limited use since they rely on one or more of the following: 
arbitrary assumptions regarding oxidant flow distribution in the cavity, oversidplification of some 
crucial phenomena at the expense of detailed modeling of others, or boundary conditions on 
upward or outward cavity growth, either arbitrarily chosen or fitted to field data, which decouple 
growth rates from heat and mass balance constraints. Also, until now detailed data for full-scale 
cavity dimensions were not available to compare with model results. 

The model described in this paper applies to flat-seam UCG of subbituminous or lower rank 
coals in which the oxidant injection point remains low in the coal seam, and has progressed, we 
feel, to the point where it has become a useful tool with predictive ability for these conditions. 
It is based on a few key assumptions which are difficult to verify fully at the scale of interest, 
but which seem to be justified by model comparisons with field data. The global cavity growth 
model integrates results of interacting submodels describing water influx from the coal aquifer, 
dispersion of injected reactants in a rubble bed at  the cavity bottom, thermal degradation and 
chemical attack of rubble-covered coal sidewalls, and recession of cavity surfaces enclosing a 
void space in the upper cavity, caused by radiation-driven spalling and gasification. Also, a 
submodel which calculates the growth of an outflow channel through which hot product gas 
flows to the production wellhead, is included for cases in which a horizontal uncased production 
borehole is utilized. The global model is of course highly idealized in the interest of tractability, 
and all apparent geometrical and physicochemical symmetries have been exploited to  simplify 
the problem, but it retains sufficient physics to describe very well leading order UCG process 
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dynamics. 

A mathematical description of the model and its many submodels would require far too many 
pages than allotted. The following sections describe briefly in words the submodels and their 
integration into the global cavity growth simulator, present comparisons of model results with 
results of two field experiments, and finish with a prediction of cavity characteristics for a proposed 
field test. Complete details of the model and its many parts can be found in (8-15). 

MODEL FORMULATION 

The model envisions upward and outward growth of a cavity with origin at the point of injection of 
gaseous reactants. Figure 1 shows typical cavity cross-sections at varying stages of development. 
The cavity itself consists of up to four zones of differing properties: an ash rubble pile at the 
bottom of the cavity, left by reacted coal; a rock rubble or slag pile which can exist on top of the 
ash rubble once the cavity has grown to incorporate overburden rock; and a void space at the 
top of the cavity through which radiative heat transfer from hot rubble surfaces drives reaction 
and/or rubblization of exposed coal and rock surfaces. Also, geometrical considerations based on 
surface area distribution of the coal-void interface and the location of the oxygen source, reinforced 
by early modeling results and observations of the aforementioned excavated cavity, suggest that 
a pile of pyrolyzed char rubble can accumulate around the edge of the cavity and is therefore 
modeled. Densities of the rubble in the various regions are specified and assumed constant. 
Dynamics of flow, heat and mass transfer, and chemical reaction in and across these zones and 
in the surrounding coal seam are described by the following submodels, and results incorporated 

and HZ + CO into singlr gasification reactant and product species, respectively, with suitably 
defined heats of formation (15). This simplification is justified by the similar sthoichiometric and 
kinetic behavior of the individual species in the reactions of importance. By use of the assumption 
of equilibrium of the water-gas shift reaction at  the calculated product gas trmperature and a 
carbon balance, detailed gas compositions can be calculated from model results. The model does 
not treat tar evolution or its secondary reactions. 

Water Influx Submodel Water influx to a UCG reactor plays a major role in determining process 
efficiency. Water can enter the reactor through drying of overburden rock, gravity drainage, 
depressurization of the coal aquifer, and reflux of condensate from escaped product gas if gas losses 
to the formation occur. Although some water in the UCG reactor is essential as a gasification 
agent, often far more than desired enters the reactor, and the energy necessary to vaporize and 
heat it to the product gas temperature is essentially lost. 

The water influx submodel used in the global simulation, described in detail in (8), calculates flow 
of free water through the (assumed) homogeneous aquifer of the coal seam by gravity drainage, 
which occurs independent of the reactor pressure, and depressurization of the coal seam, which 
occurs when the reactor is operated below the hydrostatic pressure. The model assumes that 
strata above and below the coal seam are impermeable. (Water from overburden drying is ac- 
counted for naturally in the roof recession submodel.) Reactor geometry in thr influx submodel 
is idealized as a cylinder extending the full height of the seam representing the cavity, and a 
noninteracting slot of variable width representing a horizontal outflow channel. Cylinder and slot 
volumes are specified by demanding equality with cavity and outflow channel volumes at each 
time step. We assume that gas displacing the water in the coal strata is of sufficiently high mo- 
bility that only the flow equations for the water-filled region need be considered. Also, capillary 
pressure effects are assumed negligible. These assumptions imply that the gas pressure on all 
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water/gas interfaces are equal. The two-dimensional (radial and axial) flow problem for gravity 
drainage is reduced to a one-dimensional problem by use of the so-called Dupuit approximation 
(16) which considers Darcy flow only in the radial direction based on a radial gradient in piezo- 
metric head. This system has been solved numerically using a finite difference scheme to discretize 
the differential equation in the space dimension and integrating the resulting system of ODE’S 
in time using a standard solver. In (8) it is shown that, except for very early times, the Dupuit 
approximation gives flowrate values in very close agreement with those calculated by solution of 
the full two-dimensional solution, for both stationary and uniformly expanding cylinder walls. 
Depressurization is included in this formulation by matching the drainage solution valid in the 
cone of depression with the solution for unsteady potential flow in the fully saturated far field 
aquifer, at the boundary where both solutions are valid. 

In coupling the water influx submodel to the global cavity growth solution, the model equations 
are solved for a fixed geometry over a time interval equal to the time step of the full problem. At 
the start of each time step a new grid system is established with its inner boundary on outer edge 
of the cavity or outflow channel. Values of hydraulic head are obtained through interpolation of 
the previous solution. Drainage and depressurization water is assumed to enter the at the ash- 
rubble covered sidewall in the lower cavity. Values for parameters characterizing water influx, 
with the exception of flow porosity, can be obtained from standard well hydrology testing. One 
additional parameter, an initial pumping time, has been introduced to make allowance for the 
time during which the wells are pressurized or pumped down before initiating the UCG burn. 

Injection Gas Flow Submodel At any instant flow through the ash rubble is quasi-steady, since 
the evolution of its geometry is over a much longer time scale than the flow residence time. The 
flow distribution is described by the compressible form of Darcy’s law in the axisymmetric volume 
of the ash rubble pile (see Figure I), with a source term at the origin, and an impermeable cavity 
floor. We assume a region of high permeability exists at the ash pile-coal sidewall boundary, since 
it is here that void space is being created by removal of carbon and volatiles from the coal. This 
assumption is critical to the success of the model. We also assume that the char rubble overlying 
the outer edges of the ash rubble is highly permeable. This is justified by observations of rubble 
characteristics of the excavated UCG cavity (3). These assumptions imply that the sides and top 
of the ash rubble are at  the same sink pressure while the cavity remains in the coal seam. Once 
rock rubble enters the cavity, a resistance to upward flow through the central ash pile is added, 
proportional to the height of the rock rubble and the permeability ratio of rock to ash rubble. 
The system is solved by a finite difference method. A vertical half-plane with origin at the center 
of the axisymmetric rubble pile is mapped onto a grid rectangular in r and z coordinates, which 
is normalized at each time step to maximize the number of nodes lying inside the rubble pile. 
Permeability values at nodes lying on or outside the rubble pile are set very large, effectively tying 
the edge ofthe pile to the sink pressure Pa. The difference equations for the pressure at each node, 
linear in P’, are solved iteratively using successive overrelaxation. The solution for the previous 
time step is used as the initial guess for the next step. Calculated fluxes at boundary nodes are 
smoothed with a polynomial fit for each of the interfaces adjacent to the coal sidewall, void and 
char bed. The integrated flow out of the entire boundary is normalized with the injection flow to 
remove errors introduced by the smoothing, and average flowrates to each of the three zones are 
computed. 

Wall Recession Submodel The wall region is defined as the cavity boundary extending downward 
to the cavity floor from point d in Figure 1A. We assume the existence of a thin, highly permeable, 
char-filled zone between the ash and the solid coal wall. Here oxygen entering from the ash side 
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combusts char, supplying heat to drive gasification reactions, vaporize and heat influxed water 
and dry, pyrolyze and degrade fresh coal to char rubble. The net effect of this rubblization, which 
involves relaxation of thermal and drying induced (shrinking) stresses coupled with overburden 
stresses at  the solid wall, is to propagate this permeable reaction zone into the coal. We describe 
this failure mechanism in t e r m  of a convective heat transfer rate from hot gas at  temperature T, 
to the coal wall at  a specified failure temperature TI, with the heat flux balanced by that required 
to dry and heat coal to temperature T, at the rate of the sidewall recession. Also, settling of 
char and/or ash from above and upward flow of product gas is considered to occur in this layer. 
Solution of the fully-coupled twwdmensional heat and material flow problem described here is 
far beyond the scope of a module to be used in a global UCG simulation. A major simplification 
is the division of the wall into several discrete elements in the axial direction, and the assumption 
that the temperature is constant within a given segment. This temperature is presumed to be 
given by the formula for the effective extinction temperature of the steam/char reaction in a 
packed bed (12,13), subject to the constraints of energy and mass balances and the convective 
heat transfer conditions at the cold coal wall. This temperature is primarily a function of the 
Arrhenius kinetic parameters of the steam-char reaction and the local flux of the product gas in 
the layer. This formulation allows the computation of recession velocities and char conversion 
rates for each segment. 

Void/Rubble Zone Submodel This submodel describes the interaction of the coal, overburden and 
rubble pile surfaces enclosing the void region at the top of the developing cavity. Competent coal 
or rock surfaces here are exposed to high temperatures, and thermally induced and lithostatic 
~t,resses i ~ t e r a c t  ir, a fahior, net comp!ete!y uiiderstood t u  cause spaiiing jsmaii scaie iaiiurej of 
material on the order of centimeters to occur. A one-dimensional transient model (14,15) has 
been developed to describe drying, pyrolysis, gasification and spalling of coal (or rock) exposed to 
a constant high temperature radiative heat source. Spalling behavior is empirically characterized 
by a failure length e, and a failure temperature 2'1, in such a way that when the temperature a 
distance e,  from the surface exceeds 2',, an element of this size is removed from the surface and 
the process repeated. Values of e, and T, are obtained from analysis of one-dimensional transient 
heating experiments on overburden cores (17) when available, or appropriate values are chosen 
and regarded as model parameters. This model is used to calculate mean recession rates and 
related quantities, averaged over a series of spalls, as functions of the mean surface temperature. 
Heat transfer to the curved roof surface can be considered one-dimensional, since the thermal 
penetration depth is always much smaller than the local radius of curvature. The void space is 
assumed to be well-mixed. 

The roof surface is divided into several conic sections. Oxygen exiting the top of the ash pile 
combusts with char which spalls onto this surface while the cavity is in the coal, and combusts 
product gas  at the surface of the rock rubble when it is present, creating a hot surface which 
radiates to the other surfaces. Radiative exchange equations are written for the surfaces enclosing 
the void, in which the temperature of the roof surfaces determines their recession rates, and 
material and energy balances are solved (9,15) subject to two constraints, as discussed in a later 
section. While the cavity is in the coal seam, it is demanded that no char accumulate on the 
central surface of the ash rubble; all char arriving here must be reacted by combustion and 
gasification. When overburden rock is present, complete combustion of oxygen with product gas 
(Hz + CO) at this surface is demanded. The char pile a t  the outer cavity edge is considered a 
one-dimensional packed bed modeled as in (13) in which oxygen and steam entering from below 
react with char, and the product gas exits into the void. Reaction chemistry is simplified in this 
region by considering HZ + CO as one chemical species, and C02 + HzO as another, as described 
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in (15), with suitably defined reaction enthalpies. 

Outflow Channel Model This model describes growth of an outflow channel, originally an open 
horizontal borehole in the coal seam, by thermally-induced rubblization of the coal as described 
above, driven by convective heat transfer from the hot product gas. Heat transfer is modeled 
in a semi-empirical fashion with constants fitted to the PSC excavation data (12). This channel 
is considered physically removed from the cavity such that no geometrical interaction occurs 
to break the symmetry of the cavity. Channel volumes calculated, and measured in the field, 
typically amount to about 10% of the main cavity volume. 

Global Cavity Growth Module An initial cavity is defined as a series of line segments connecting 
points along one-half of a cavity cross section looking from the side. Initial cavities are defined 
as cylinders with unit height/diameter ratio and specified total, char and ash rubble volumes. 
(Parametric studies have shown that initial cavity configuration has a very small effect on late- 
time cavity characteristics.) This geometrical data is passed to the submodels which calculate 
temperatures, recession rates and chemical reaction rates for the various surface segments. The 
control segment then advances cavity segments over a time step, tentatively computes new cavity 
boundaries and rubble amounts. A unique cavity shape is calculated differently depending on 
whether the cavity interacts with overburden rock. When the cavity is contained in the coal, this 
shape is determined by noting that the amount of char which falls into the inner ash pile surface 
determines the upward growth of this surface, the temperature distribution in the enclosure and 
the amount of char remaining in the rubble bed. In other words, there is only one solution 
for the amount of char deposited on the ash-void interface, for which the location of point a in 
figure 1A simultaneously satisfies both char and ash material balances. When the cavity grows 
to encompass overburden rock, the ash pile ceases to grow upward and thus point b in Figure 
1B is determined solely by the ash material balance. In this case the location of point a is fixed 
by simultaneous satisfaction of char and rock rubble material balances. Provision is made during 
late stages of cavity development for complete coverage of char by rock rubble, and also for the 
eventual depletion of the char rubble, by adjustment of point c in Figure 1D. The control algorithm 
also periodically performs various smoothing and point equalization operations on the calculated 
results. These are necessary since adjacent cavity points moving at  significantly different velocities 
could cross paths if no intervention occurred, leading to highly irregular, multiply-connected cavity 
shapes numerically and physically unrealistic. Cavity volumes are computed before and after each 
smoothing operation and the errors incurred as a result of smoothing are recorded. For all cases 
considered, the cumulative smoothing error is about 3-6% of the total cavity volume. Time steps 
are constrained such that no point on the cavity surface can advance farther than a specified 
fraction of its distance from the cavity origin. 

The present version of the code developed for this simulation requires relatively little memory 
and uses about 5 seconds per time step early on when an iteration on the void radiative exchange 
equations is required, decreasing to less than a second per time step for the latter stages of the 
calculation. Total cpu time on a Cray 1 computer needed for a 15 day simulation is about 3 
minutes. 

RESULTS AND COMPARISON WITH FIELD DATA 

Partial Seam CRIP Field Test The parameter with the largest effect on model results is the ratio 
of permeability between the rock and ash rubble piles. This parameter controls the split of injected 
oxidant flow between the sidewalls and the void region once overburden is exposed, which occurs 
relatively early in the life of the burn. Generally, oxidant which is forced to the cavity sidewalls 
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comes in intimate contact with coal, producing high quality gas, while oxidant passing into the 
void partially combusts product gas, heating overburden rock which represents an energy loss. 
A lower rock rubble permeability thus diverts more oxidant flow to the sidewalls, resulting in 
a wider, shorter ultimate cavity and enhanced energy recovery. This permeability ratio is very 
difficult to quantify. From observations of ash and rock rubble during the excavation of the PSC 
site (3) it was concluded that the rock rubble was probably somewhat less permeable than the 
ash, since much of it had fused, leaving an irregular network of fissures to conduct the gas, while 
the ash rubble clinker appeared relatively more porous. The effect of this permeability ratio is 
seen in Figure 2, which shows the molar ratio of produced hydrogen and carbon monoxide to 
injected oxygen, and excellent measure of process efficiency. Results using physical and process 
parameters given in Table 1A, corresponding to the PSC test conditions and with permeability 
ratios spanning three orders of magnitude, are here compared with test data. It is clearly seen that 
.R/nA = 1 gives the best agreement. This result, and the observation that past field tests also 
exhibited gradual declines in product gas quality, instead of consistent high values or precipitous 
declines when overburden was encountered, suggest that this ratio is of 0(1)  and we therefore 
specify a value of unity for all subsequent calculations. 

The model calculation for n R / n ~  = 1 resulted in a final cavity shape which is compared in Figure 3 
with that mapped during the excavation. The actual cavity was slightly asymmetric with respect 
to the injection point, but the agreement is quite good; both in sweep and the narrowing of 
the cavity midsection. This latter phenomenon occurs because this area of the cavity is covered 
for most of the burn with insulating char rubble, and is not exposed to  direct oxidant attack 
as below, or high-efficiency radiative heat transfer as above. The simulation predicts tot:! ca! 
voiume gasified to be 675 ms. Analysis of the field data (1) suggest that about 700 ms of coal was 
gasified during the part of the test in which this cavity was formed. While the upper part of the 
actual cavity was destroyed by mining operations and cavity shape in the overburden cannot be 
directly compared, but the good agreement in produced gas quality shown in Figure 2 suggests 
that the simulation calculated reasonably the volume of overburden affected. 

Rocky Mountain I Field Test The recently completed Rocky Mountain I (RMI) UCG field test 
provides another opportunity to test model results with a system in which oxidant injection 
remained low in the coal seam. Flow and pressure schedules used during the test and parameter 
values taken from a number of literature sources characterizing the Hanna coal, given in Table 
IB, were used as inputs in the simulation. Day zero is defined as the beginning of forward 
gasification with steam and oxygen, and the initial cavity volume is specified by carbon removed 
during air gasification which occurred for about 3 days prior. Figure 4 compares model results 
of (H2 + CO)/Oz for these conditions with the test data. The agreement is striking. Figure 
5 compares calculated cavity volumes with that calculated for the actual cavity by a material 
balance which assumes no char accumulation in the underground system. Also on this figure the 
product gas temperature is compared. Volumes agree quite well early but diverge by about 15% 
for later stages of the 40  day burn of the first cavity. Also, the predicted product gas temperature 
is somewhat higher than actual, though the slight upward trend with time is well-represented. The 
actual cavity shape is not reliably known, so no direct comparisons can be made. Qualitatively, 
the computed cavity shape is similar to that calculated for the PSC simulation, since this is 
largely determined by the proximate analysis of the coal, which is similar for these two coals. 

Two weaknesses of the model are its neglect of the hydrogasification reaction (2Hz + C -+ CH,) 
and its neglect of tar evolution and secondary tar reactions. The former may account for the 
discrepancy in CH4 production between model and data (7% -vs- 11% respectively, on a dry gas 
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basis). This reaction is endothermic and thus its inclusion in the model would serve to reduce 
product gas temperature. Tar cracking could produce a considerable amount of HZ and CO, 
since tar amounts to as much as 15% by weight of the original coal (20). This could explain the 
equivalent H2 + CO production rates between model and data, when the model predicts up to 
15% more coal was affected. One must keep in mind in interpreting this test data, however, that 
it is raw data; known errors have not yet been removed. 

Proposed Brazilian UCG Field Test As part of the Lawrence Livermore Laboratory effort to pro- 
vide technical support for a UCG feasability study in Brazil, cosponsored by the DOE, a simulation 
was performed using all available data concerning the coal and overburden at  the proposed test 
site, near Porto Alegre in southern Brazil. This simulation provided estimates for sweep width 
and coal recovery used in planning link numbers and spacing for the two year demonstration test 
plan. Coal and overburden physical data specific to the site, as well as operating parameters 
are given in Table 1C. Rubble pile densities were adjusted from values measured at  the PSC 
excavation based on the density differences in the original materials, and other necessary data 
unavailable for this site, such as coal and rock failure criteria, were taken as the same as for the 
PSC simulation. This test is of great interest because the characteristics of the coal, very dry, 
very impermeable and of a high ash content, represent conditions felt to be ideal for flat seam 
UCG. 

Figure 6 shows the cavity shape produced by the simulation at  approximately 11.5 days. The 
high ash content of this coal results in a larger volume of the cavity filled by ash rubble compared 
with coals previously studied. Thus, a larger fraction of the cavity surface is covered by rubble. 
The void region of the cavity is relatively small, such that the efficient radiative heat transfer 
mechanism dominant in the void is focused largely at the topmost part of the cavity, which gets 
quite hot and recedes rapidly. These factors combine to form a cavity wide at the bottom with 
a chimney-type upper end. The simulation was terminated when the void space became filled 
with bulked rubble, a situation that cannot be treated by the present model. The behavior of 
the system would not be expected to change substantially in the short term once the cavity is 
completely filled, however. The bed of pyrolyzed, unreacted char which persists in simulations 
of other UCG systems studied, disappears early on in this system. The volume of coal and rock 
affected by the cavity predicted by the simulation is 454 and 220 MS, respectively. The results 
suggest that gas production efficiencies at sites such as this are expected to be quite good, but 
very hot product gas temperatures may be experienced. 

CONCLUSIONS 

A model for cavity growth and gas production during UCG, based on the assumption of cylindrical 
cavity symmetry and applicable for gasification of shrinking coals when injection low in the 
coal seam can be maintained, has been developed. The model is highly idealized, but treats 
includes all important factors impacting cavity growth such as water influx, porous media flow, 
heterogeneous and homogeneous chemical reactions, radiative and convective heat transfer, and 
rock mechanics. Model predictions have been shown to  agree very well with available field data, 
and while detailed produced gas compositions cannot be estimated, it is felt quite adequate to 
describe in a semiquantitative fashion cavity evolution, energy recovery, aquifer response, and 
effects of process parameter changes, and therefore is a useful tool for UCG site characterization 
and module optimization. 

Acknowledgement This work was performed under the auspices of the U.S. Department of 
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Table I. Physical and process parameters used in the simulations. 

A. Partial Seam CRIP 

coal specific gravity 1.39, 17% water, 21% ash, 28% k e d  carbon 
rock specific gravity 2.10, 12% water 
coal failure temperature (K) 700 (roof) 850 (sidewalls) 
rock failure temperature (K) 700 (roof) 850 (sidewalls)" 
coal roof failure length (cm) 1; rock roof failure length (cm) 2 
rubble specific gravities; ash 1.0, rock 1.3, char 0.8 
permeabilities (mD); ash rubble 10000, rock rubble 10000, native coal 30 
hydrostatic head (kPa)' 630, pumpdown time (days) 10 
seam height 6 (m), initial cavity height & radius (m) 1.0 & 0.5 
nominal gas flow (mol/s) 30, steam/oxygen ratio 2/1, ramp time (days) 5 
injection temperature (K) 400, cavity pressure (kPa) 430 
References: (l), (3), (8) 

B. Rocky Mountain I 

coal specific gravity 1.39, 9% water, 27% ash, 32% fixed carbon 
rock specific gravity 2.10, 10% water 
coal failure temperature (K) 700 (roof) 700 (sidewalls) 
rock failure temperature (K) 660 (roof) 660 (sidewalls) 
coal roof failure length (cm) 1; rock roof failure length (cm) 1.7 
rubble specific gravities; ash 1.0, rock 1.3, char 0.8 
permeabilities (mD); ash rubble 10000, rock rubble 10000, native coal 140 
hydrostatic head (kPa) 990, pumpdown time (days) 12 
seam height 7.6 (m), initial cavity height & radius (m) 3.6 & 1.8 
gas flow schedule from actual data, injection temperature (K) 400 
cavity pressure schedule from actual data 
References: (17), (18), (19) 

C. Brazil Test 

coal specific gravity 1.78, 8% water, 46% ash, 28% fixed carbon 
rock specific gravity 2.42,4% water 
coal failure temperature (K) 700 (roof) 850 (sidewalls) 
rock failure temperature (K) 700 (roof) 850 (sidewalls) 
coal roof failure length (cm) 1; rock roof failure length (cm) 2 
rubble specific gravities; ash 1.1, rock 1.5, char 0.9 
permeabilities (mD); ash rubble 10000, rock rubble 10000, native coal 0 
seam height 3.7 (m), initial cavity height & radius (m) 1.0 & 0.5 
nominal gas flow (mol/s) 30, steam/oxygen ratio 2/1, ramp time (days) 5 
injection temperature (K) 400, cavity pressure (kPa) 1500 
Reference: (20) 

' measured from bottom of coal seam 
** best fit to excavated outflow channel volume 
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Figure 1 Generic cavity shapes constructed by the model. 
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ABSTRACT 

A new scheme for direct gasification of pulverized coal has been analyzed by a mathematical 
model. Gasification occurs in the annular region of a cylindrical reactor during the cocurrent flow 
of a steam/coal mixture, with combustion products in the reactor core region serving as an internal 
heat source. The model incorporates the two equation model for turbulence, mass exchange between 
phases due to chemical reactions and radiative heat transfer. Detailed calculations are carried out  
t o  assess the feasibility of the scheme. 

INTRODUCTION 
The basic concept for a two-stream gasifier for pulverized coal has been described in earlier 

publications (see reference 1). The basic configuration is shown in figure 1. Steam and coal are  
introduced on the periphery of the reactor while air and coal are injected as the core flow. I t  is 
assumed that  the gasification will occur in the annular region of the cylindrical reactor during the 
cocurrent flow of a coal/steam mixture with hot combustion products in the reactor core region, 
the latter serving as the heat source. In this manner, the scheme capitalizes on two well known 
gasification concepts: direct supply of heat from internal combustion and hydrodynamic separation 
of gasification products from the combustion gases. The product gases, acceptably clean, are ducted 
away a t  the end of the reactor through an  annular slot while the combustion gases from the core 
region are utilized for heat recovery in the system. 

A global analysis of the system shows that the scheme is feasible provided that: 
a )  

b) 

sufficient radiative heat transfer occurs between the two streams in cocurrent flow to ensure 
the completion of the gasification process and, 
proper fluid dynamic conditions are achieved to  avoid intensive mixing of the two streams 
in the reactor. 

An experimental investigation of the process and the conditions which satisfy these require- 
ments would require costly and extensive experimentation. We have chosen to develop a computer 
model as the first phase of a research program aimed a t  establishing the potential feasibility of the 
scheme and elucidating the important parameters in system design. If the scheme appears feasible, 
the results of the numerical model will be used to  complement design of the experimental rig. 

MATHEMATICAL MODEL 
The mathematical model of the gasificatlon process entails solving the appropriate conserva- 

tion equations for the gas and  particle phases, as well as a number of auxiliary equations which 
describe various phenomena and interactions in the process. The model is based on the  following 
assumptions: 

the process is adiabatic. 
the flow and temperature fields are axisymmetric. 
chemical reactions are first order reactions. 
thermal radiation is monochromatic and scattering due to  the particles is isotropic. 
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The gas phase is described by a system of time-averaged conservation equations for momentum, 
mixture enthalpy and concentrations of chemical species. In addition the equation set contains 
conservation equations for the kinetic energy and dissipation rate of turbulence following the well 
known k - e model (2). T h e  general form for the conservation equations is 

where U and V a re  the axial and radial velocity components and the dependent variable 4 represents 
the density, velocity components, turbulence parameters, enthalpy and concentration of chemical 
species. The chemical composition of the gases is assumed to be nitrogen, oxygen, carbon dioxide, 
water vapor and gasification products (carbon monoxide and hydrogen). The transfer function I?+ 
represents such quantities as effective viscosity, thermal conductivity and diffusion coefficients. T h e  
source term S incorporates such phenomena as production or depletion of chemical species due to 
chemical reaction and the mass, momentum and energy sources provided by the particle phase. T h e  
definition of these terms will not be included in  the interest of brevity. 

In order to evaluate thermal radiation exchange, the number density of the particles is needed. 
Equation 1 is utilized with the transfer function being the effective diffusion coefficient, as taken 
from Melville and Bray (3), and the source term being zero. The influence of the particulate phase 
on the effective viscosity of the gas is also modeled with a corrective factor based on the local mass 
concentration of the particles. 

The  thermal radiation is simulated with the “six-flux” model (4) with the assumption that the 
gas radiation is a volume phenomena and the particle radiation is a surface phenomena. It is also 
assumed that the radiation scattering by the particles is isotropic. Two diffusion-type equations 
are soived for the radiative heat flux in  the axial and radial directions. 

The  particle velocities and temperatures are obtained by integrating the momentum and energy 
equations along trajectories for single particles. The effect of particle dispersion due t o  turbulence 
is accounted for by adding a “diffusive” velocity to the particle motion which is proportional t o  
the concentration gradient and the effective diffusion coefficient ( 5 ) .  The particle energy equation 
relates the change in  thermal energy of the particle to the convective and radiative heat transfer as 
well as the energy associated with the change of phase. 

To simplify the gasification model, the coal is regarded as char. The mass rate of change of 
the coal particle is given by 

2) 3- dt - +, + i., 
where +, is the reaction rate  for combustion and +, for gasification. It is assumed that  chemical 
kinetic and diffusion processes occur in parallel so the reaction rates are given by 

where p is the gas density, A, is the particle cross-sectional area, Xo, and XH,O are the mass 
fractions of oxygen and water vapor, m is the moelcular weight, S h  is the Sherwood number 
and dp is the particle diameter. The chemical recation rates are given in the form of Arrhenius 
expressions with coeffcients determined experimentally for Yugoslav coals (6); namely, 

23077 
T K~ = 1.2 x 1oEezp(--) 4a) 

15035 
T K, = 5.6 x 104eop(--) 
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I t  must be mentioned tha t  these coefficients can vary by an order of magnitude or more depending 
on the literature source. 

The  phase coupling in  the model is accomplished using the PSI cell scheme (7). Particles are 
released from a discrete number of radial locations to simulate a n  initially uniform particle number 
density. The number flow rate along each trajectory is constant. The change in particle mass, 
momentum and energy are recorded as  each trajectory traverses a computational cell and these 
become the source terms in the gas-phase flow equations. The energy source term also includes the 
radiative heat transfer from the particles. 

The  boundary conditions for the gas phase follow the standard formulations used in conjunction 
with the It - E turbulence model (2). The gradient for the concentration of the chemical species 
is set equal to zero at  the wall. Also the incident radiation a t  the wall is set equal to  the wall 
radiation. 

MODEL PREDICTIONS 
The verification of the  computational model has been partially achieved through its application 

to  simple flow fields for which d a t a  are available. Reasonably good agreement between model 
predictions and  experimental results has been achieved for turbulent flows in a circular pipe (8) and 
a “cold” model of the gasification reactor (9). Verification of the model under realistic conditions 
for the reactor has yet to be established. 

The model was applied to reactor geometry for which the lip separating the two streams was 
set a t  a radius ratio of 0.8. The initial velocity of the inner core flow was 6.4 m/s while a velocity 
of 3.87 m/s was selected for the annular flow. The ini,tial temperature of the inner flow was 1300 K 
and that  of the outer flow was 900 K. 

The development of the axial velocity profile at. progressive distances downstream is shown 
in figure 2. There is a rapid mixing initially and momentum diffuses into the low speed outer 
annular flow to  increase the velocity. The temperature of the core stream increases rapidly with 
the combustion of the coal and there is a consequent acceleration of the flow to  satisfy mass flow 
continuity because of the decreased gas density. Then radiative heat transfer to  the outer stream 
cools down the core flow and heats the outer flow giving rise to  velocity changes in each stream 
(decelerating the core flow and accelerating the annular flow) which drive them both toward velocity 
equilibrium. 

The radial profiles for the gasification products, H2 and CO, a t  progressive downstream loca- 
tions are shown in figure 3. One notes that  the gasification products remain basically in the outer 
region of the reactor and could be separated by a n  annular slot shown schematically in figure 1. 
This prediction supports the feasibility of the concept. 

The fraction of coal consumed in the gasification process is shown in figure 4. One notes that 
60% of the coal a t  the outside of the reactor has been gasified a t  approximately five reactor radii 
from the inlet. Of course, the rate of coal consumption will depend strongly on the gasification rate 
for specific coals. 

The predicted isotherms are  shown in  figure 5. One notes a very rapid temperature change 
a t  the reactor inlet due t o  combustion of the coal and the subsequent decrease in temperature as  
the heat is radiated from the hot core t o  the annular flow. The  gas composition at  three duct 
diameters downstream from the inlet is shown in figure 6. One notes, as also shown in figure 3, 
that  the gasification products remain in the peripheral region while the combustion products are 
concentrated in the core. As shown in the figure, if the slot for the removal of the gasification 
products were located a t  a radius ratio of 0.7, the recovery would be primarily CO and 82 with 
some C02 and water vapor. The relative fractions of chemical species in the slot would be 

CO + H z  = 0.54 

C02 = 0.16 

H20 = 0.05 
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N2 = 0.25 

Of course, the fraction of gasification products t o  combustion products can be increased by increas- 
ing the radius ratio of the slot. However the yield of the gasification products would be reduced. 
The  optimum design remains to be established. 

CONCLUSION 
Based on the predictions of the mathematical model, the proposed gasification concept appears 

feasible. The scheme is attractive because of the direct contact heat exchange and the separation of 
combustion and gasification products. The ultimate assessment of the scheme will only be possible 
through well-designed pilot plant tests in which the operational conditions and configurations are 
changed to achieve an  optimum design. The numerical model developed here will be a useful tool 
to  complement the design and  operational adjustments of an actual system. 
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PERFORMANCE SIMULATION OF FLUIDIZED-BED COAL COMBUSTORS 

Ravi R. Chandran and Denny D. Sutherland 

The Babcock 8 Wilcox Company, RBD Division, Alliance, Ohio 44601 

ABSTRACT 

A code. referred to as FBCSIM, is being developed to predict large-scale atmospheric fluidized-bed combus- 
tor (AFBC) performance with fundamental fuel data from bench-scale test units as input. This work is carried 
out as a part of  AFBC fuels characterization program sponsored by the €lectric Power Research Institute 
(EPRI). The code accounts for the physics of fluidization, which is unit specific. and the chemistry of 
combustion, which is fuel specific. The code includes a 3-13 model and modules on bed hydrodynamics, 
chemical kinetics, solid distribution, and transport phenomena. The model for in-bed combustion incorporafes a 
two-region particle mixing formulation. The code lor in-bed combustion has been validafed for different AFBC 
unit sizes (0.1.2, and 20 MW) and different coals (two bituminous and a lignite). Sensitivity analyses have been 
carried out to identify the controlling variables and guide experimental work. Computer simulations have also 
been performed to delineate system response to operational parameters. 

INTRODUCTION 

Test results from small-scale to pilot plant AFBC units have proven the viability of fluidized-bed combustion 
technology for large-scale applications. However, commercialization of this technology has been slow due in 
part to concerns regarding scale-up for unit size and fuel type. To overcome this hurdle, Babcock 8 Wilcox 
(B8W) under the sponsorship of EPRl has developed an AFBC fuels characterization method (1)(2). The 
approach involves the generation of fundamenial fuel data using inexpensive bench-scale tests and the devel- 
opment of a mathematical model or performance code !Q hexh-sC2!e %?SL!!!S !O !.r.;e-scZ!e cpc:2:ion. The 
objectives are to 1) facilitate the optimal design of comme -size AFBC units, and 2) quantify the fuel flexibility 
of existing AFBC designs. For a review of the models reported in the llerature along with the rationale for the 
present model, the reader is referred to an earlier publication (3). 

FORMULATION 

The performance code (FBCSIM) under development for bubblingbed combustion comprises a model and 
four modules, and has been set up in this fashion so that it is easily adaptable to circulating as well as 
pressurized FBC. The first module evaluates hydrodynamics, which is unit specific. It accounts for fluidization 
regime, gas flow, bubble dynamics, and solids mixing characteristics. The second module deals with chemical 
kinetics (devolatilization, char combustion, and sorbent sulfation), which is influenced by coal and sorbent 
properties. The third module accounts for solids distribution in bed and above bed due to swelling, 
fragmentation, attrition, elutriation, and entrainment. The fourth module deals with transport phenomena such 
as interphase heat and mass transfer. For a given coal and specified operating conditions, the code seeks to 
predict overall combustion and sulfur capture efficiencies and combustion split and sulfur capture split between 
in-bed and freeboard. The first goal of this code development was to model in-bed combustion for the 
underbed-feed mode of operation. Additional goals are to model freeboard cornbustion, overbed-feed mode, 
and sulfur capture. The in-bed combustion model is described here. 

Model for In-Bed Combusllon 

The in-bed combustion model currently addresses undetbd feed with zero recycle. Future modlications will 
account for recycle. Figure 1 shows an idealization of the combustion sequence, and Figure 2 shows the 
corresponding conceptual model. The figures depict a unit cell defined as the bed cross section sewed by one 
feedpoint. Primary air enters the bed through a distributor plate, while coal palticles of a broad size distribution 
(typically 6.35 mm x 0, or 114 inch x 0) and transport air enter through the feedpoint. Based on a review of the 
pertinent physical and chemical time scales, it is suggested that these coal particles entering the bed be classi- 
fied in a binary fashion for modeling volatile release and heterogeneous combustion. Material_below the 
maximum elutriable size for the given operating conditions is termed ‘fines” and the larger size fraction is 
denoted as “coarse”. For example, at typical AFBC operating conditions, the fines would correspond to material 
passing through 30 sieve (590 microns). 
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The solids injected through the feedpoint fbw up through the bed and ditfuse laterally. The fines are consid- 
ered to be in plug flow. They heat up, devolatilbe, and bum while convecting axially and dispersing radially until 
they reach the bed surface and elutriate. The coarse particles also heat up and devolatilize as they mix above 
the feedpoint. If the coal contains a significant proportion of volatiles. a volatile-rich zone above the feedpoint 
could result. The volatiles released would rise as a plume and burn in a gaseous diflusion flame with the 
surrounding oxygen. Whether this plume closes within the bed or not would depend on the coal's ratio of 
volatile to fixed carbon, feedpoint spacing, and the bed operating conditions. Some coarse particles could l rag  
men1 during devolatilization if their size exceeds the critical stable size for fragmentation. The coarse char 
particles mix in the bed, generate flakes and fines due to combustion-enhanced mechanical attrition (CEMA). 
and combust in the oxidizing zone outside the plume until they reach the elutriable size. The flakes and fines 
resulting from CEMA are subject to the competing processes of combustion in the bed and elutriation to the 
freeboard. Therefore, feedpoint spacing has different implications for different coal ranks with regard to in-bed 
combustion. For low volatile coals or other solid fuels, the wider the feedpoint spacing, the lower the combus- 
tion of fines in the feed due to high concentration of fuel and low concentration of oxygen above the feedpoint. 
For high volatile coals. the occurrence of a volatile-rich plume additionally could diminish in-bed combustion. A 
video of the bed surface taken recently during 0.1 MW AFBC operation supports the conceptual model 
discussed above. 

To model in-bed combustion, it is necessary to properly account for the combustion of volatiles. devolatilied 
fines in the feed, and coarse char particles. These three components bum in a coupled fashion and the degree 
of combustion is governed by fluidization physics and fuel chemistry. The underlying physical and chemical 
processes are complex and not fully understood. Therefore, some simplifying assumptions have been 
introduced (3). Consequently, combustion is visualized to occur in two regions. The first region is where the 
physical processes of convection and dispersion of coal particles are important. This region lies directly above 
the feedpoint and provides the setting for coal particle heat up, volatile release, volatile combustion. and the 
combustion of fines in the feed. Although swelling and fragmentation could occur in this region, they do not in- 
volve an oxidation step and need not be considered here. The second region includes the whole unit cell, 
where the coarse char particles are uniformly distributed and undergo heterogeneous combustion in the 
oxidizing zone outside the plume. The unit cell coordinate geometry for the 3-D formulation is shown in Figure 
3. 

Considerable attrition occurs in underbed feed systems (1)(2). A distributed fracture model along with an ex- 
perimentally determined coal-specific attrition parameter are used to estimate the coal particle size distribution 
Fi(di) entering the bed. 

Realon 1. The formulation here corresponds to an adaptation of the model of Bywater (4). Five conservation 
equations are used to designate the problem. These are for the concentration of i) volatiles remaining in the 
coarse coal particles (Cvc., ii) volatiles remaining in the fines (Cd), iii) solid combustibles in the devolatilized 
fines (Ccf), iv) gaseous volatiles (C ), and v) oxygen (Co). The gaseous volatiles are assumed to combust 
according to the stoichiometric react&, 

[u kgl v o l a t i l e s  + ( 1  kq] oxygen * [ (wl )  kgl products. 1) 

Also the fast reaction or large Damkohler limit is presumed to apply. The hetergeneous combustion of 
devolatilied fines is considered to follow the reaction, 

[v '  kql combustible + 1 1  kq] oxygen 4 [(v'tl) kgl products. 2) 

The reaction order in oxygen is taken to be 0.6 based on the work of Daw (5). Finally, the classical treatment 
of Burke and Schumann (6) is applied to the combustion of gaseous volatiles. This lacilitates the description of 
a new variable, 

cgo = cg - KO. 
and reduces the number of variables (and equations) by one. 

The mass balance equations are normalied by defining the following variables: 
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where subscript i denotes the parameter value at feedpoint or distributor, Xb and yb are the length and width of 
the unl cell, and H is the bed plus splash zone height. 

The governing equations in dimensionless form are: 

* *  * *  * *  
+ kvc cvc Jc+ + kVf%fJf* - kocCgoIt 

where 

* 
go - 

Subject to the boundary conditions: 

G f ( x * , y * , o ) t * ~ o  fo r  0 5 x * *  < x - x& x; + 5 < x* 5 1, 

2 f -  2 

14 7 



* * * *  
for z* > I: s c ,  %f, accf, 5 0  = o at x* - 0 ,  1 

ax* ax* ax* ax* 

* * * *  
L c ,  L f ,  L f ,  S o  = o a t  y* - 0 ,  1 
ay* ay* ay* ay* 

a, p and q are dimensionless dispersion coelficients, k& and kcfare normalized devolatilization rate 
constants,k:fis a nondimensional rate constant for oxidation 01 combustibles in devolatilized lines, 4 and w are 
dimensionless sol i  to gas flux transfer parameters, Rli is the ratio 01 C ~ f i  and CM~ at the feedpoint. and k&is a 
normalized reaction rate constant for the depletion of oxygen in the bed due to coarse char particle combustion. 

The parameter J accounts lor the eHect of linite heating rate and the consequent delay in the onset of volatile 
evolution. It activates the volatile generation term when the particles have convected a distance that 
corresponds to the heatup time T. L and I are oWon switching parameten for the heterogeneous combustion of 
devolatilized fines and coarse char particles respectively. Equations 6 and 7 are coupled through the lines het- 
erogeneous combustion term and hence need be solved simultaneously. Finally, the last term in equation 7 
requires a trial and error procedure to match the coarse char particle combustion occurring in Region II. 

Region II. The objective here is to determine the rates 01 oxygen consumption and elutriatiin due to the het- 
erogeneous cornbustion of coarse char particles. This can be accomplished by carrying out solids population 
balances of the type proposed by Levenspiel, et al. (7)(8). 

The flow rates pertaining to the different steps of the combustion sequence are shown in Figure 4. Sorbent 
and ash particles are assumed to be inell for this analysis. Coarse coalpartides represenleg by (n-m) cut sizes 
undergo devolatilization. The inflow rate of cut i with mean diameter di is denoted as Fi(di). To simplify the 
analysis, swelling is decoupled from devolatilization. A differential mass balance for the devolatilization step 
yields: 

8) FwCai) = (1 - vi) Fi(ai) for i = ml, m+2, ..., n, 

where 9 is the gaseous volatile yield fraction lor the ith cut 

indicated. The number flow rate before swelling is related to the mass flow rate according to: 
Size as well as density change during welling. Therefore, a number balance rather than a mass balance is 

Nw(ai) = Fw(ai) / (hi 9) 

with hi = pcoal(l - q) and pcoal is coal density. 

From a steady state number balance, the number flow rate after welling Is: 

for i - ml, mt2, ..., n, 

with %(am) = 0. Sli is the swelling index for the ith cut sue. 

The corresponding mass flow rate is: 
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where P f i  - pwi / SI i3 .  

be negligible, therefore, 
For typical underbed teed sizes (6.35 mm x 0, or 114 inch x 0, experimental data indicates fragmentation to 

FcCai) - F f ( a i )  for i - m+l, m+2, ..., n, 12) 

and 

P c i  P f i .  

The model for char combustion would depend upon coal properties and is likely to correspond to either 
shrinking sue or shrinking core kinetics. Bench-scale experimental data suggest that a shrinking particle model 
would be a reasonable approximation for bituminous coals. A solids population balance carried out with the 
modification suggested by Overturl and Kayihan (9) tor discrete cut sizes gives: 

13) 
sc(ai) + E c ( a i )  ai + 3sC(ai) Mi/a i  

for i = n, n-1, ..., ( m l ) ,  rn, 

with Wc(an+l), = 0 and Fc(am) = 0. W&) is weight 01 char particles of size?$ in bed and Mi is size interval for 
ith cut. Tests in the 1- x 1- foot (1 x 1) and 6- x 6- foot (6 x 6) AFBC units at BBW indicate that the char content 
of the bed drain solis is very small, therefore, 

 ai) = 0 for i = n, n-1, ..., (ml) ,  m. 14) 

E&) denotes entrainment rate constant of char particles of size ai from the bed surface. The overall shrink- 
age rate Sc(di) is expressed as the sum of the shrinkage rates due to combustion and attrlion (10)(11): 

sccai) = sCc(ai) + scami). 15) 

Attrition rate here corresponds to the flakes and fines generated in the CEMA tests. The shrinkage rate tor 
char combustion according to a first order reaction is: 

where cob is the mean oxygen concentration in the bed, f,i is the weight fraction of equivalent carbon in char, 
Rmc is the external mass transfer coefficient, and R, Is the chemical rate coefficient for char combustion. 4 is 
a parameter that depends on stoichiometry and has a value between 3/8 for C + 02 -+ C02 reaction at the char 
surface and 3/4 for C + 112 O2 + CO reaction. 

The shrinkage rate due to attrition Sca(di) is: 
- 

S,(ai) kc,(% - w l / ( 3  fec i ) ,  17) 

where %a is CEMA rate constant for c a h n ,  uo is superlkial gas velocity. and umf is the superficial gas velocity 
at minimum fluidization. 

The flakes and fines generated due to CEMA seem to follow the Rosin-Rammler distribution. If qli and qrli 
are the weight fraction of flakes and_ tines of size a,, and ffl is the proportion of flakes in the attrited material. then 
the weighl of char particles ot sue d, by mass balance is: 
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for j = wl, m-2, ..., 1. 
The shrinkage rate Scc depends upon cob, the mean oxygen concentration in the bed which is not known a 

priori. so the procedure is to start with a guess value of cob and iterate in conjunction with Region I model until 
convergence. The flow charl for the computer code is given in Figure 5. Subroutines are listed within quotation 
marks. "FSATT" accounts for feed system attrition, "HYDRO' for bed hydrodynamics, "SOLDIS" for solids 
distribution, and "CHEMK" for chemical kinetics. "TRANSP" provides interphase heat and mass transfer 
coefficients and "TEMP" evaluates burning char particle temperature by energy balance. The code is written in 
FORTRAN and makes use of ACM Algorithm #565, PDEMO/PSETM/GEARB, for solving partial differential 
equations. Run times for in-bed performance simulations typically range from 2-6 CPU minutes on a DEC VAX 
11/785. 

To conserve space, the ensuing discussion will be qualitative and will not include equations. From the bed 
char weight distributions determined above, Ihe rate of oxygen consumption due to char combustion (woccll), 
char elutriation rate from the bed and the conversion of char in the bed (X,) are evaluated. It is assumed that 
any volatiles remaining in the coarse coal particles when they reach the bed surface (based on the solution of 
Equation 4) are released uniformly in the bed. The oxygen consumption rate due to this component is added to 
woccll to calculate the overall rate of oxygen consumption in Region I1 (wocll). 

By integrating the bed-surface concentrations computed in Region I ,  the fraction of the volatiles released in- 
bed from the fines (Xd), the conversion of gaseous volatiles in-bed (Xv), and the conversion in the bed 01 
combustibles in devolatilized fines (Xd) are determined. Also, the oxygen consumplion rate in Region I (wocl) 
is calculated by mass balance. The parametar k&is adjusted until woc values converge. Then the iteration for 
cob is performed until convergence. From the converged values for Xv, X C ~ ,  and Xc, the total in-bed carbon 
conversion (X,ic) and in turn the in-bed cornbustion efficiency (Eibc) are computed. 

Typical parameters for which the performance code requires input and their origin are indicated in Table 1 

VALIDATION 

The objective is to validate the performance code for different AFBC unit sizes and fuel types. The code 
predictions for in-bed combustion of Kentucky No. 9 coal are compared with experimental data from 1 x 1 
[Bawl, 6 x 6 [EPRVBaW, and 20 MWe [NNEPRI] AFBC units in Figure 6. The data correspond to a gas resi- 
dence time of about 0.5 Second based on superficial velocity. Good agreement is observed. The in-bed com- 
bustion efficiency tends to decrease with an increase in feedpoint spacing but does not exhibit a smooth varia- 
tion. The relatively high value obtained in the case of the 1 x 1 unit is due to lower gas velocity and lesser feed 
system attrition. 

Figure 7 presents the results for Texas lignite. The square symbol stands for experimentally determined in- 
bed combustion efficiency and the solid line represents the code predictions. Experimental values of the overall 
combustion efficiency are also plotted for comparison, Predicted in-bed combustion and experimental overall 
combustion efficiency curves diverge with an increase in superficial gas velocity. This implies increased free- 
board cornbustion at higher gas velocities. This is to be expected in view of the greater freeboard solids loading 
caused by CEMA, elutriation, and carry over of fines in the feed. Additional comparisons for Kentucky No. 9 
and Pittsburgh No. 8 bituminous coals have been presented in a previous paper (3). 

SENSITIVITY ANALYSIS 

ty over the range of parameter uncertainty is desirable to further evaluate the code, 
identify the controlling parameters, and guide experimental wok. The parameters which have significant impact 
on code predictions are anticipated to dtfer with AFBC una sue, design, and coal type. Therefore, a number of 
test analyses are required to generalize the results. Based on initial studies, the sensitivity 01 different 
parameters for burning Kentucky No. 9 coal in two different AFBC units (1 x 110.1 MW and 18 x la 20 MW,) 
are given in Table 2. Volatile conversion in-bed is typically complete (-100%) in the 1 x 1 AFBC unit and there- 
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fore its performance is primarily sensitive to char conversion parameters. WULT impacts char fraction and 
hence is important. Due to the large feedpoint spacing in the 20 MW, pilot plant, the parameter COFDO 
assumes a lead rote. It is difficult to combust fines in a short residence time and consequently DHOP exerts a 
considerable influence on performance of both units. 

SIMULATION 

The response of the 20 MWe pilot plant to changes in the fines content of the feed and feed system attrition 
coefficient are shown in Figure 8. COFATT of 11 .O corresponds to the extent of attrition that occurs in the 
current design. Clearly, it is beneficial to control the amunt of fines in the feed and reduce feed system attri- 
tion. Results of additional simulations pertaining to the operation of the unit will be presented in another paper 
(12). 

CONCLUSIONS 

A phenomenological code for predicting in-bed combustion performance of AFBC units has been developed 
and validated. It provides a measure of required in-bed heat transfer surface allocatiin. Work is in progress 10 
develop a freeboard combustion model. Future goals are to incorporate the effect of recycle and model 
overbed-feed mode and sulfur capture. The code is being tested and refined constantly based on new informa- 
tion and data. Upon completion, FBCSIM will become a versatile tool for performance simulation and design of 
fluidized-bed coal combustors. 
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TABLE 1. PERFORMANCE CODE INPUT DATA 

Model InDut Parameter DescriDtion Source 

Unit cell cross section 
Feedpoint location 
Bed temperature 
Coal feed rate 
Bed height 
Transport air 
Primary air 
Bed material density 
Bed weight 
Freeboard cross section 
Bed material size distribution 
Coal size distribution at 
the hopper 

Coal composition 
Coal density 
Higher heating value 

Coal attrition parameters 

Gas dispersion coefficient 
Solids velocity 
Solids dispersion coefficient 
Entrainment rate coefficient 

Coal particle heatup time 
Volatile yield 
Devolatilizatiin rate constant 
Volatile composition 
Char fraction 
Char reactivity 
Char composition 

Swelling index 
Fragmentation index 

CEMA rate constant 
Weight fraction of flakes 

Operating conditions Validation test 
conditions or 
design specifications 

Coal properties ASTM procedures 

F S A n  subroutine Feed System 
attrition tests 

Hydrodynamics module Literature 

Chemical kinetics 
module 

Chemical kinetics 
module 

Solis distribution 
module 

Fixed bed reactor 

Bench-scale AFBC unit 

Bench-scale AFBC unit 
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TABLE 2. SENSITIVITY ANALYSIS 

Parameter 

DBED 
DHOP 

COFATT 
ATTEXP 

COFUSC 
COFDSC 
COFDO 
COFUSF 
COFDSF 
COFUOE 

FRFLAK 
KCAN 
COFTAU 
WULT 
COFFW 
COFKV 
KVEXP 
SlULT 
COFRCCI 

RCCACT 

Ire2 

Operational 
Operatanal 

UnWFuel 
UnWFuel 

Hydrodynamic 

Fuel 

Dem'olion Semnlvny 

I x 1 BBW 20 MW? TVA 

Bed material mean size Negl Negl 
Coal leed size distnbuliin High High 

Feed system anrniwn men Medium High 
Feed system anrilwn exponent Medium High 

Coarse panicle velocity men Medium Medium 
Coarse patiile dispersion men LOW Medium 
Gas dispersion men 
Fines veloctly wen 
Fines dispersion men 
Emralnmenl ra1e men 

WeigM lractbn 01 CEMA liakes 
CEMA raw mnstanl 
Coal panicle heatuptime men 
Ullimale volatile yield 
Volatile yield mell 
Dewlaliiizatbn rate well 
Devolatiii2atwn rate exponem 
Swelliq index upper limn 
Char reacliiny (Pre-exponential 
laCtorlaClivaliin energy) 

LOW 
LOW 
LOW 
High 

Negl 
LOW 
Negl 
High 
Negl 
LOW 
LOW 
LOW 
High 

68 -91 

High 
LOW 
LOW 
Medium 

LOW 
LOW 
Medium 
LOW 
Negl 
Medium 
LOW 
LOW 
High 

63-65 

FINES 

RAW COAL 

CRUSHER 

DRIER 

Figure 1. Coal combustion sequence for underbed feed. 
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Figure 2. Conceptual model of In-bed combustlon. 
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Figure 5. Performance code fiowchan. 
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Figure 6. Comparison of performance code predictions with experimental data. 
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Figure 8. Slmulation for coal hopper panicle size distribution. 
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CONTINUOUS KINETIC LUMPING FOR LIGNITE LIQUEFACTION 

P. K. Moore and R. G. Anthony 

Department of Chemical Engineering 
Texas A&M University, College Station, TX 77843 

INTRODUCTION 

The need for an alternative energy source to counteract both short-term petroleum supply 
interruptions and the eventual depletion of petroleum reserves has resulted in an increased 
interest in the utilization of domestic coal. While coal can be utilized directly for energy 
applications such as electrical power generation, much of the petroleum demand is based in the 
liquid fuel and liquid feedstock areas. This potential demand for liquid fuel and feedstock has 
caused a renewed interest in coal liquefaction technology. However, the development of coal 
liquefaction technology to  an industrially applicable level has been hindered by the lack of a 
suitable kinetic model. Current kinetic models are based upon simplified analytical techniques in 
which components are lumped into several solubility or volatility classes. These models must be 
used cautiously since compounds within the same solubility or volatility class do not necessarily 
undergo similar reactions. In addition, each kinetic model applies only to the particular coal 
studied. A critical need exists for a kinetic model based upon the actual chemical reactions 
occurring and which is applicable to a variety of coals. The development of such a kinetic model 
is the goal of the coal liquefaction studies at Texas A&M University. 

The development of a kinetic model capable of describing a complex, many-component 
reaction, such as rnal liqiiofartinn, seqiires the hvps&at;n- e ---- ~f :e=.~:d -=pp=;tiq Z ~ B S :  ex- 
perimental reactions, analytical method, component lumping, reactor modeling, and parameter 
estimation. All of these areas depend on each other; hence, the resulting kinetic model is depen- 
dent on, and limited by, each area. Any attempt to improve the kinetic model must therefore 
effect an improvement in one or more of the supporting areas. The coal liquefaction research at  
Texas A&M University has-resulted in significant advances in the areas of analytical technique, 
component lumping, and reactor modeling, thus providing the foundations for the development 
of a powerful new kinetic model. 

The sections below describe the results which have been achieved and the course of the 
research now being followed in each of the supportive areas: experimental reactions, analytical 
method, component lumping, reactor modeling, and parameter estimation. In particular, several 
of the more significant developments are described and compared to the methods currently 
being used. These new developments indude an improved analytical technique, the SEC- 
GC-MS method, based upon a combination of size-exclusion chromatography (SEC), gas- 
chromatography (GC), and mass spectroscopy (MS); an optimum component lumping technique 
developed by embedding the  classical kinetic and equilibrium equations into the vector space of 
generalized functions; and a reactor model which incorporates an equation-of-state equilibrium 
calculation to predict the compositions of the reactants in both the liquid and vapor phases. 

EXPERIMENTAL REACTIONS 

The commonly used types of coal liquefaction laboratory reactors have been discussed in 
detail by Shah (1). Continuous-flow reactors were not considered for this study due to the 
possibility of different residence times existing for each phase, a condition difficult to model, 
and due also t o  the difficulty in establishing a steady-state condition for the solid phase. The 
batch reactors commonly used in laboratory studies thus far are the batch autoclave, the 
rapid-injection autoclave, and the tubing-bomb microreactor. Of these three, the tubing-bomb 
microreactor was chosen for this kinetic study due to the reactor’s low thermal inertia, good 
heat and mass transfer characteristics, and the  small amount of reactor feed required (2). 
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The tubing-bomb reactors used at Texas A&M typically consist of a 6 inch long 314 inch 0.d. 
stainless steel tube capped on each end. A thermocouple extends into the reactor via a 1/4 inch 
0.d. thermowell assembly. A 1/8 inch 0.d. line to the reactor serves for gas charge and evacuation 
in addition to providing for pressure measurement during an experimental run. Various tubing- 
bomb reactors used at Texas A&M and the corresponding experimental procedures are described 
by Helton (3), Haley (4), Shumbera ( 5 ) ,  and Koker (6). 

ANALYTICAL METHOD 
The purpose of an analytical method, as applied to kinetic model development, is t o  

provide a measure of the change which has occurred during the experimental reaction. This 
“measure of change” provided by the analytical method must 1) relate to the kinetic properties 
of the reaction mixture, so that the fundamental equations governing the chemical reactions 
may be easily applied, and 2) the properties relating to the uses of the reaction product, 
so that the  resulting kinetic model may be used to optimize product yield and composition. 
When the reaction mixture is simple, consisting of relatively few components, the analytical 
technique provides an exact analysis; thus, both Criteria 1 and 2 above are readily satisfied. 
However, when the reaction inixture is complex, consisting of many components, an exact 
analysis is often impossible. An approximate analytical technique must then be used, and this 
approximate technique must attempt to satisfy the above criteria. Therein lies the failing of 
the approximate analytical techniques commonly used for coal liquefaction studies: solubility 
analysis and distillation analysis. 

Solubility analysis consists of the separation of coal liquefaction products into portions 
which are soluble in a series of extraction solvents. A commonly used series of solvents 
consists of hexane, toluene, and tetrahydrofuran. Hexane solubles are designated as “oil,” 
toluene solubles are designated as “asphaltenes,” and tetrahydrofuran solubles are designated as 
“preasphaltenes.” All of the material insoluble in tetrahydrofuran is considered to  be nnreacted 
coal, char, and ash. The solubility analysis method provides a rough picture of the changes 
occurring in the reaction mixture, and kinetic models have been developed using the component 
classes: oil, asphaltenes, preasphaltenes, and unreacted coal. However, the solubility analysis 
method fails to satisfactorily meet Criteria 1 and 2 mentioned above. 

First, each component class, or lump, consists of a broad range of component types. The 
kinetic behavior of the component lump will, in general, depend in a complicated manner 
upon the components contained within the lump. Therefore, any information relating to actual 
molecular mechanism of coal liquefaction, which is formulated in terms of individual molecular 
types, will be difficult to incorporate into the overall kinetic model, which is formulated in terms 
of the lumped component classes. Furthermore, coal liquefaction is a multiphase process; the 
individual components within the reaction mixture are dispersed throughout the solid, liquid, 
and vapor phases. Since each phase may be expected to exhibit different reaction behavior, the 
distribution of each component in each phase may significantly affect the kinetic behavior of the 
reaction mixture. Hence, properties which describe the affinity of each component to a particular 
phase, such as volatility, should be included in the kinetic model. The solubility analysis method 
fails t o  provide such information, since each solubility lump may contain components with a 
broad range in volatility. 

The solubility analysis also fails to satisfy the product criterion; the solubility lumps - 
oil, asphaltenes, and preasphaltenes - are difficult to relate to the end uses of the product. 
When the liquefaction products are to be used as chemical feedstock, the engineer is primarily 
interested in a particular component or group of components. The solubility lumps which 
contain the desirable group of components may also contain undesirable components. Hence, the 
liquefaction process cannot be easily optimized for the desired products. When the liquefaction 
products are to be used as fuel or fuel feedstock, volatility properties of the product become 
important; however, solubility lumps fail to incorporate such volatility information. 

Distillation analysis also fails to satisfy the reaction and product criteria. Distillation 
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analysis separates the mixt,ure into several volatility classes. However, these volatilit,y classes 
contain several types of chemical components, with each component type exhibiting different 
kinetic behavior in  the reaction mixture; hence, the volatility lumps, like the solubility lumps, 
are unable to provide a precise description of the reaction. Furthermore, a product description 
in terms of volatility lumps fails to provide chemical information about the product, which is 
often needed when the product is to  be used as a chemical feedstock. 

The failings of the  traditional solubility and distillation analyses led to  the development 
of the SEC-GC-MS analytical method at Texas A&M. In the SEC-GC-MS method, the 
tetrahydrofuran soluble portion of the liquefaction products is first separated into several 
fractions (usually 9) using size-exclusion chromatography (SEC) with tetrahydrofuran (THF) 
as the mobile phase. As shown by Anthony et al. (7) ,  size-exclusion chromatography effects a 
separation of the mixture based upon molecular size and functionality, with alkanes eluting first, 
followed by phenols, and then aromatics. Each of the fractions obtained using size-exclusion 
chromatography is then analyzed using gas chromatography (GC), which effects a separation 
based upon volatility. A mass spectroscopic (MS) detector can be used with the GC to aid 
in peak identification. Details of the SEC-GC-MS method have been provided by Anthony et 
al. (8). 

The SEC-GC-MS analytical method provides a distribution of the coal liquid sample with 
respect to the SEC retention index, which provides a measure of component functionality, and 
with respect to  the G C  retention index, which provides a measure of component volatility. 
This bivariate distribution (Figure 1 )  provided by the SEC-GC-MS method exhibits several 
advantages over the univariate distributions provided by the solubility and distillation methods. 
First, since the SEC-GC-MS method provides a separation of the mixture based on both 
volatility and component functionality, the bivariate distribution is easily related to both 
the kinetic properties oi the reaction mixture and to  the properties relevant to the desired 
uses of the product. Second, since all components eluting within a particular SEC-GC 
retention region can be expected to have similar chemical and volatility properties, lumping 
of neighboring components (components which elute with similar SEC and GC retention times) 
may be justified. Such lumping may be required when the chromatograms are poorly resolved, 
or lumping may be desirable to reduce the number of parameters within a kinetic model. 
Furthermore, all coals can be expected to yield the same types of components upon liquefaction, 
and these types of components should consistently elute with the same SEC and GC retention 
time, independent of t he  coal type being liquefied. This separation of the kinetic model from 
coal type was not possible with solubility analysis, since solubility lumps derived from different 
coals do not always contain the same amount of each component, or even thekune components. 

’ 

CONTINUOUS LUMPING 
The SEC-GC-MS analytical method yields an overwhelming amount of information. The 

method provides not only a good overall description of the mixture compositions, but also often 
provides detailed concentration information about individual components. However, such detail 
is often not necessary or  desirable. The optimum kinetic model should provide the best possible 
mixture description using the fewest possible parameters. A kinetic model incorporating a large 
number of parameters is difficult to use; first, the presence of a large number of parameters 
makes parameter estimation difficult, and second, the large model becomes difficult to  apply in 
subsequent design situations. Hence, a method was needed whereby the detailed SEC-GC-MS 
analysis could be parameterized using the fewest possible terms while retaining the bulk of the 
useful information from the SEC-GC-MS analysis. This parameterization procedure is referred 
t o  as “component lumping,” or simply as “lumping.” 

The traditional form of lumping is pseudocomponent lumping, where groups of components 
are treated as individual components. However, we have developed (9) an alternate method, 
“continuous-lumping,” which is particularly well-suited for calculations involving chromato- 
graphic data. Continuous-lumping can be considered a generalization, or reinterpretation, of 
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the theory of continuous mixtures, as described by Cotterman et al. (10) for thermodynamics 
and by Aris and Gavalas (11) for reaction kinetics. However, our developments have shown (9) 
that  the continuous mixture hypothesis is not required for the method to be valid. 

For continuous-lumping, the individual component properties - concentration, volatility, 
and reactivity - are considered to be functions of some suitable component index, such as 
molecular-weight or boiling-point. These component indices, in turn, can then be related to 
chromatographic retention-times. The classical description of the mixture composition (mole 
fractions) is then converted to a distribution function (similar to a chromatogram) written in 
terms of the component index. The classical relationships between the component properties 
(i.e., equilibrium relations, reaction-rate equations, etc.) are then converted to the functional 
form. The final step in the continuous-lumped method is the expansion of the functional 
equations in terms of generalized Fourier series to obtain an approximate set of algebraic 
equations - the continuous-lumped equations. 

The bivariate distribution provided by the SEC-GC-MS analytical method is particularly 
well suited to the continuous lumping method, since the kinetic and volatility properties of the 
components vary gradually with the SEC and GC retention indices. In fact, the fundamental 
parameters of a kinetic model may be considered to be functions of the component indices 
instead of the usual interpretation, where the kinetic parameters are associated with the 
set of pseudo-components. Thus, the problem of kinetic model development becomes the 
determination of a kinetic parameter surface over the SEC-GC component index plane. This 
approach frees the model from the dependence on a particular choice of a pseudo-component 
lumping scheme, thus enabling comparison of data from two separate investigations in which 
different lumping schemes happened to be used. hrthermore,  all of the components in a small 
neighborhood of a particular SEC-GC index pair can be expected to  be chemically similar; 
therefore, a particular component from the neighborhood may be selected for a kinetic study. 
Such a “model compound” study possesses an advantage over a kinetic study of the complete 
coal liquid, since a particular kinetic parameter may often be determined with greater precision 
when the effects of the other kinetic parameters have been removed. 

The detailed theory behind the continuous lumping method, as applied t o  vapor-liquid 
equilibrium calculations, has been developed by Anthony and Moore (9). The theory is presently 
being extended and fully developed to include reaction kinetics. The continuous lumping 
method will be incorporated in a reactor model (described in the next section) which will 
predict conversion and product distributions for the tubing-bomb reactor. 

REACTOR MODELING AND PARAMETER ESTIMATION 
After the products of the experimental liquefaction reactions have been characterized 

using the SEC-GC-MS analytical method and the continuous lumping method, the resulting 
parameterized data, which describes the changes that occur during reaction, must be related to 
the fundamental kinetic model (in general unknown), which governs the changes that occur 
during reaction. When the assumed form of the kinetic model is simple, the kinetic and 
reactor model equations may be solved directly to obtain an analytical equation describing 
the reaction. The fundamental parameters within the kinetic model may then be estimated 
by fitting the analytical solution to the lumped data using a regression method. However, 
the assumed kinetic model and the reactor modeling equations often form a complex system, 
making an exact analytical solution difficult or impossible to obtain. The combined kinetic 
and reactor model equations, together with an assumed set of parameters, must then be solved 
using a numerical method to obtain predictions of reaction behavior. The combined kinetic 
and reactor model can then be incorporated into a parameter estimation routine, such as the 
Modified Marquart Method used by Tarng (12), in order t o  obtain optimum estimates of the 
kinetic parameters. This second approach, the reactor model - parameter estimation method, 
has been chosen to obtain estimates for the kinetic parameters, since the method is general and 
may therefore accommodate virtually any assumed form of the kinetic model. 
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Coal liquefaction is a complicated process involving reactions in and mass transfer between 
vapor, liquid, and solid phases; any theoretically based kinetic model must therefore account 
for the fundamentally different reactions and mechanisms in each phase. Heretofore, kinetic 
models have failed to incorporate this fact; the reaction mixture was treated as if it were one 
single phase, with any phase equilibrium effects being incorporated into the empirical kinetic 
model. Such a treatment is  unacceptable, however, since different types of industrial reactors 
exhibit different types of phase equilibrium behavior. The kinetic model must, therefore, be 
based on the actual compositions in each phase, which must either be measured or predicted. 

Measurements of phase compositions in a coal liquefaction reactor are always difficult and, 
in the case of the tubing-bomb reactor, may be impossible. However, as shown by Anthony et  
al. (13), an equation-of-state (EOS) vapor-liquid equilibrium calculation is capable of predicting 
the phase concentrations of key reactants, such as hydrogen, to a sufficient degree of accuracy. 
Figures 2 and 3 illustrate the'prediction of VLE properties for a hydrogen-coal liquid mixture 
using an equation-of-state. Figure 2 shows an ASTM D-86 of a SRC-I1 coal liquid fraction. 
Bubble points for mixtures of this coal liquid with hydrogen were determined experinlentally 
by Chao (14), as shown in Figure 3, where a VLE calculation using an equation-of-stat,e is also 
shown. Note that the VLE calculation predicts the mole fraction of hydrogen in the liquid phase 
well. For this reason, plus the difficulty of sampling, an EOS vapor-liquid equilibrium calculation 
has been chosen to predict phase compositions in the reactor model. The incorporation of an 
EOS vapor-liquid equilibrium calculation into the reactor model has the disadvantage that 
the resulting kinetic model will depend on the particular EOS model chosen; however, the 
inaccuracies due to such a dependence are not likely to exceed the inaccuracies in the assumed 
form for the kinetic model. Furthermore, the EOS calculation may be used to  find the conditions 
at  which the phase compositions yie!r! the ep?irn=zz rczctioii Lvehzvium; ihis predictive iunction 
of the reactor model would not be easily available if the phase compositions were obtained by 
measurement. Hence, reactor conditions of particular interest, consisting of temperatures and 
pressures at which the liquid-phase reactions may be enhanced (such as the near-critical and 
supercritical regions), may be investigated. 

CONCLUSIONS 

The key to an improved coal liquefaction kinetic model is the development of an analytical 
method capable of separating the reaction products into individual molecular components; 
The SEC-GC-MS analytical method satisfies this need by providing detailed compositional 
information, such as the chemical and volatility properties of each component. The tremendous 
detail provided by the SEC-GC-MS method can then be effectively parameterized using the 
continuous lumping method, which allows the detailed analytical results to  be incorporated into 
complex kinetic and thermodynamic calculations, such as the equation-of-state VLE calculation 
described above. Thus, the SEC-GC-MS analytical method and the continuous lumping 
method, both developed a t  Texas A&M University, allow the application of advanced theory to  
the coal liquefaction process. 
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FUNDAMENTAL MODELLING OF PULVERIZED COAL AND COAL-WATER SLURRY 
COMBUSTION I N  A GAS TURBINE COMBUSTOR 

A. Chatwani. A. Turan and F. Hals 

Avco Research Labora tory ,  I n c .  
2385 Revere Beach Parkway 

E v e r e t t ,  MA 02149 

INTRODUCTION 

A l a r g e  p o r t i o n  o f  wor ld  energy resources i s  i n  t h e  form o f  low grade c o a l .  
There i s  need t o  u t i l i z e  these resources i n  an e f f i c i e n t  and env i ronmenta l l y  c l e a n  
way. The s p e c i f i c  approach under development by us i s  d i r e c t  combustion i n  a 
m u l t i s t a g e  s l a g g i n g  combustor, i n c o r p o r a t i n g  c o n t r o l  o f  NO,, SOF, and 
p a r t i c u l a t e s .  Whi le  exper imenta l  v e r i f i c a t i o n  prov ides  t h e  u l t i m a t e  proo f  o f  
a c c e p t a b i l i t y ,  t h e r e  i s  an i n c r e a s i n g  r e a l i z a t i o n  t h a t  t h e  d e t a i l e d  f l o w  f i e l d  
computations o f  t h e  combustion process can p r o v i d e  much o f  t h e  necessary 
understanding and a i d  i n  t h e  development process. 
w i t h  the  m o d e l l i n g  o f  p u l v e r i z e d  c o a l  combustion i n  burners  where f l o w  f i e l d  i s  
p redominant ly  two-dimensional  (1 -3) .  Many elements o f  t h i s  c o a l  combustion model 
have been developed and v a l i d a t e d  under those c o n d i t i o n s .  

o f  prime importance. An example o f  such a combustor i s  shown s c h e m a t i c a l l y  i n  
F i g .  1.  The t o r o i d a l  v o r t e x  combustor i s  c u r r e n t l y  under development through a 
DOE c o n t r a c t  t o  Westinghouse and s u b c o n t r a c t  t o  ARL. T h i s  subscale. c o a l - f i r e d ,  
6 MW combustor w i l l  be b u i l t  and become o p e r a t i o n a l  i n  1988. The coa l  f u e l  i s  
mixed w i t h  preheated a i r .  i n j e c t e d  th rough a numher nf 2 i r c u m f e r e n t i a l l y - l o c a t e d  
j e t s  o r i e n t e d  i n  t h e  r a d i u s  a x i s  p lanes .  
fo rming  a v e r t i c a l l y  d i r e c t e d  j e t  which curves around t h e  combustor dome w a l l  and 
g i v e s  r i s e  t o  a t o r o i d a l  shaped v o r t e x .  Th is  v o r t e x  he lps  t o  push t h e  p a r t i c l e s  
r a d i a l l y  outward, h i t  t h e  w a l l s  th rough i n e r t i a l  s e p a r a t i o n  and promote s lagg ing .  
I t  a l s o  p r o v i d e s  a h i g h  i n t e n s i t y  f l o w  m i x i n g  zone t o  enhance combustion produc t  
u n i f o r m i t y ,  and a p r i m a r y  mechanism f o r  heat  feed back t o  t h e  incoming f l o w  f o r  
f lame s t a b i l i z a t i o n .  

Work descr ibes  t h e  e s s e n t i a l  f e a t u r e s  o f  a c o a l  combustion model which i s  
i n c o r p o r a t e d  i n t o  a th ree-d imens iona l ,  s teady-s ta te ,  two-phase, t u r b u l e n t ,  
r e a c t i v e  f l o w  code. The code i s  a m o d i f i e d  and advanced v e r s i o n  o f  INTERN code 
o r i g i n a l l y  developed a t  I m p e r i a l  Co l lege which has gone th rough many stages o f  
development and v a l i d a t i o n .  
combustion model r e s u l t s  f o r  an exper imenta l  can combustor. The code has s i n c e  
t h e n  been m o d i f i e d  by and made p u b l i c  under a US Army p r o g r a d 6 ) .  
code m o d i f i c a t i o n s  and improvements have been made a t  ARL. The e a r l i e r  vers ion  o f  
code was w r i t t e n  f o r  a smal l  CDC machine which r e l i e d  on f requent  disk/memory 
t r a n s f e r  and o v e r l a y  f e a t u r e s  t o  c a r r y  t h e  computat ions r e s u l t i n g  i n  l o s s  o f  
computa t iona l  speed. These l i m i t a t i o n s  have now been removed. F o r  spray  
a p p l i c a t i o n s ,  t h e  f u e l  d r o p l e t  v a p o r i z a t i o n  generates gaseous f u e l  o f  u n i f o r m  
composi t ion;  hence t h e  e a r l i e r  f o r m u l a t i o n  r e l i e d  upon t h e  use of conserved s c a l a r  
approx imat ion  t o  reduce t h e  number o f  species equat ions  t o  be solved. I n  
a p p l i c a t i o n s  r e l a t e d  t o  coa l  f u e l ,  coal  p y r o l y s i s  leads t o  t h e  f o r m a t i o n  o f  a t  
l e a s t  two d i f f e r e n t  gaseous f u e l s  and a s o l i d  f u e l  o f  d i f f e r e n t  compos i t ion .  
have t h e r e f o r e  removed t h e  conserved s c a l a r  f o r m u l a t i o n  f o r  t h e  sake o f  g e n e r a l i t y  
and easy a d a p t a b i l i t y  t o  complex f u e l  s i t u a t i o n s .  

A number o f  papers have d e a l t  

Our main i n t e r e s t  i s  i n  t h e  combustors where three-dimensional  e f f e c t s  a r e  

The j e t s  merge a t  t h e  c e n t e r l i n e ,  

Swithenbank e t  a l ( 4 - 5 )  have repor ted  spray 

A number o f  

We 
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Pulverized Coal Combustion Model 

Combustion of pulverized coal particles is generally assumed t o  be a 
two-stage process consisting of devolatilization o r  pyrolysis of coal and 
heterogeneous char oxidation and gasification. 
pyrolysis is that of Kobayashi. et al.(7) This model proposes the use of 
two competing first order reactions t o  describe particle mass loss during 
pyrolysis. The process is described a s  

The model adopted t o  describe 

kl DAF + a l V l  + (1 - al) S1 

1) 
k. 

where Vi and V2 are volatiles of approximate elemental ratio CgH12 and 
CgH6, and Si and S 2  are char residuals containing mostly C. 
Specifically for a dry ash free (daf) coal of the type CH.8. these reactions 
can be expressed as 

kl .4 CH.8 + C6H12 + .6 C. 

and 

k 
CH.8 f C6H6 + . 2  C. 

The rate of disappearance of d 

d - 
- dt mdaf = ( k l  + k2) mdaf 

f oal is given by 

where mdaf is the mass of dry ash free coal, kl and kg are rate 
constants given by 

kl = 3.7 x 105 x exp ( -  8860/T) 

k2 = 1.46 x 1013 x exp ( -  3017/T) 

3)  

4) 

It should be noted that Equation 2 leads to volatiles yield of 0.43 and 0.81 
for slow and very rapid heating respectively. It is relatively easy t o  modify 
composition o f  volatiles to fit the experimental data for different coal ranks 
including their oxygen, nitrogen, and organically bound sulfur content. The 
devolatilization of coal is assumed t o  take place without change in t h e  
particle radius and leaves behind a lighter porous particle. 

Char Oxidation and Gasification Model 

consisting of ( i )  diffusion of gaseous species t o  the surface, ( i i )  surface 
reaction, and ( i i i )  diffusion of products t o  the bulk gas. Any of the 
processes may be a rate controlling step depending on the gas phase 
conditions, particle size and temperature, and particle pore structure. The 
model adopted is an extended version of Field(8) where surface diffusion and 
chemical reaction are taken into account. Three different surface reactions 
are included in the model, viz, 

Char gasification may be treated approximately as a three-stage process 
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k 
1 c + T o2 3 co, 

k 
, c  + cop 3 2 co, 

and 
k 

C + H20 3 C O  + H 2 .  

For  t h e  sake o f  s i m p l i c i t y ,  i t  i s  assumed t h a t  a l l  t h r e e  r e a c t i o n s  proceed 
independent o f  each o t h e r  so t h a t  t h e  char  consumption r a t e  i s  sum o f  
i n d i v i d u a l  r a t e s .  Rate o f  02 d i f f u s i o n  t o  t h e  sur face  i s  g iven  by 

d m s  

d P 0 ,  = - k O  As ('02 - '02 ) 

and t h e  r a t e  o f  02 consumption a t  t h e  s u r f a c e  i s  g iven  by 

d m dt - mO2 = - k r  . A S  . Y 

O2 
7 )  

Under quas i -s teady-s ta te ,  t h e  two r a t e s  f rom Equat ions 6 and 7 balance each 
o t h e r  and unknown q u a n t i t y  Yo can be e l i m i n a t e d  t o  g i v e  

m - A*d m, = - keii . A . Y- 
"2 u2 U L  

where kt'ff = krkg/(kr  + ko) :  
t h e  l a m i n a r  d i f f u s i o n  c o e f f i c i e n t .  and t h e  r a t e  cons tan ts  k3 - k5. taken 
from S t i c k l e r , ( g )  a r e  g i v e n  by 

The d i f f u s i o n  r a t e  k o  i s  r e l a t e d  t o  

and 

k3  = 3.24 x 1O1O x exp ( -  14500/T), 

k4  = 5 .75  x 1013 x exp ( -  43200/T). 

k 5  = 6.38 x 1011 x exp ( -  30300/T). 

a )  

Heterogeneous char  combustion i s  assumed t o  t a k e  p l a c e  a t  the  o u t e r  sur face  
r e s u l t i n g  i n  t h e  removal o f  m a t e r i a l  f rom the  s u r f a c e  a t  t h e  cons tan t  p a r t i c l e  
d e n s i t y .  

d i f f u s i o n  o f  gas phase species t o  t h e  sur face .  I t  i s  assumed t h a t  char 
o x i d a t i o n  does n o t  b e g i n  u n t i l  t h e  d e v o l a t i l i z a t i o n  i s  complete. 

Coal Water S l u r r y  Combustion Model 

O e v o l a t i l i z a t i o n  o r  b lowing  o u t  o f  gaseous produc ts  h inders  t h e  

The presence o f  water  i n  p u l v e r i z e d  coa l  e i t h e r  as mois tu re  o r  as a 
s l u r r y  fo rming  medium f u r t h e r  compl ica tes  the  m o d e l l i n g  o f  coal  p y r o l y s i s  
processes. I n  genera l ,  t h e  s i z e  d i s t r i b u t i o n  o f  c o a l  s l u r r y  d r o p l e t s  i s  
governed by the  i n j e c t o r  performance, and a t y p i c a l  s l u r r y  d r o p l e t  may c o n s i s t  
o f  many p a r e n t  c o a l  p a r t i c l e s .  
processes depending on t h e  h i s t o r y  o f  h e a t i n g  r a t e s  t o  which a p a r t i c l e  i s  

The s l u r r y  d r o p l e t  may undergo many d i f f e r e n t  
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subjected; these may inc lude s w e l l i n g  under simultaneous o r  sequent ia l  
vapor iza t ion  of  water and coa l  gaseous products,  s h a t t e r i n g  o f  d r o p l e t  i n t o  
parent coal  p a r t i c l e s  o r  even smal le r  p a r t i c l e s ,  o r  f us ion  o f  porous char and 
ash p a r t i c l e s .  The model adopted here i s  t h e  most s i m p l i s t i c  one, which w i l l  
be replaced by a more r e a l i s t i c  model i n  t h e  f u t u r e .  We assume t h a t  water 
vapor and coal  d e v o l a t i l i z a t i o n  occur i n  a sequent ia l  process, w i t h  each 
d r o p l e t  c o n s i s t i n g  o f  a s i n g l e  coal  p a r t i c l e  and a corresponding mass o f  
water. Hence t h e  spray s i z e  d i s t r i b u t i o n  i s  d i c t a t e d  by t h e  o r i g i n a l  coal  
p a r t i c l e  s i z e  d i s t r i b u t i o n  assumed. The i n i t i a l  s tep  i n  t h e  heat ing  o f  t he  
d r o p l e t  i s  t o  increase p a r t i c l e  temperature t o  t h e  s a t u r a t i o n  temperature o f  
water .  Th is  i s  fo l lowed by t h e  water vapor iza t ion  a t  the constant p a r t i c l e  
temperature u n t i l  t h e  p a r t i c l e  i s  dry .  Once t h e  p a r t i c l e  i s  d r i e d  it behaves 
l i k e  a d r y  coal  p a r t i c l e .  The sequent ia l  v a p o r i z a t i o n  model has been found t o  
be adequate f o r  t he  case o f  coa l  water s l u r r y  t u r b u l e n t  d i f f u s i o n  f lames. ( lO)  

Gaseous Combustion Model 

The o r i g i n a l  vers ion  of  INTERN incorpora ted  a two s tep r e a c t i o n  scheme 
f o r  which d i f f e r e n t i a l  t r a n s p o r t  governing t h e  e v o l u t i o n  o f  t he  mixtuve 
f r a c t i o n  f ,  mass f r a c t i o n  o f  unburned f u e l  mfu; and mass f r a c t i o n  o f  CO. 
mco, were solved. Concentrat ions o f  o ther  reac tan ts  i n c l u d i n g  moq as w e l l  
as e q u i l i b r i u m  combustion products (Mcoq, mH20, m ~ q .  e t c . )  were obtained 
v i a  a l g e b r a i c a l l y  formulated balance expressions. 

s o l i d s  t y p i c a l s  o f  coa l  combustion, t h e  f o l l o w i n g  g l o b a l  mechanisms a r e  
postulated. The v o l a t i l e s  a r e  assumed t o  combust t o  y i e l d  products CO and 
H2 i n  the  i n i t i a l  stage. 

To represent t h e  combustion o f  two d i f f e r e n t  k inds o f  v o l a t i l e s  and 

k 
C6H6 + 3 O 2  8 6 CO t 3 H2 

k 
10) 

C6H12 t 3 O2 6 C O  + 6 H 2  

The i n i t i a l  breakdown t o  CO and H q  i ns tead o f  CO2 and H20 i s  chosen t o  
represent the  f u e l  r i c h  combustion s i t u a t i o n  o f  i n t e r e s t  here. Subsequent 
o x i d a t i o n  o f  CO and H2 are  g iven by 

0 

k 
co + 1/2 o2 *f cog 

k i b  

Empir ica1,rate constants k6 t o  kg a r e  requ i red  f o r  f i n i t e  r a t e  
k i n e t i c s .  Reverse r a t e  constants kab and kgb a r e  ca lcu la ted  from 
e q u i l i b r i u m  considerat ions.  For  t u r b u l e n t  f lows,  t h e  e f f e c t i v e  r e a c t i o n  r a t e s  
a re  ca lcu la ted  from t h e  eddy breakup mode l ( l1 ) .  I n  the  absence o f  r a t e  
constants.  t he  assumption o f  f a s t  chemistry i s  invoked and a l l  r a t e s  a re  
l i m i t e d  by the  t u r b u l e n t  mix ing  ra tes .  
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RESULTS AND DISCUSSION 

A number o f  cases were computed f o r  t h e  t o r o i d a l  v o r t e x  combustor 
geometry o f  i n t e r e s t .  
c o n d i t i o n s  have been kept  cons tan t  th roughout  these computat ions.  
c o n d i t i o n s  a r e  summarized i n  Table 1. The compos i t ion  and s i z e  d i s t r i b u t i o n  
of f u e l  have been v a r i e d  p a r a m e t r i c a l l y  t o  examine i t s  i n f l u e n c e  on t h e  f l o w  
f i e l d .  The range o f  v a r i a t i o n s  f o r  the  v a r i a b l e s  a r e  summarized i n  Table 2 .  
I n  a l l  t h e  computat ions r e p o r t e d  here,  i t  i s  assumed t h a t  t h e  t i p  o f  the  c o a l  
i n j e c t o r  i s  l o c a t e d  a t  the  c e n t e r  o f  t h e  a i r  j e t  and i n  t h e  p lane o f  the  
combustor w a l l .  Coal  p a r t i c l e s  a r e  assumed t o  leave t h e  i n j e c t o r  a t  
surrounding a i r  v e l o c i t y ,  b u t  a t  room temperature,  and t h e  mass f l u x  o f  
c a r r i e r  gas i s  assumed n e g l i g i b l e  compared t o  t h e  c o a l  mass f l u x .  

d i f f e r e n c e  a l g o r i t h m  o f  INTERN code. The i t e r a t i o n s  were c a r r i e d  o u t  u n t i l  
t h e  a b s o l u t e  sum o f  mass r e s i d u a l s  was below a few percent .  A t y p i c a l  s e t  o f  
v e l o c i t y  v e c t o r  p l o t s  i s  shown i n  F i g .  2 .  The r e s u l t s  f o r  t h e  i n j e c t o r  p l a n e  
( k  = 5) show t h e  e x i s t e n c e  o f  t h e  j e t  d i r e c t e d  towards t h e  c e n t e r l i n e .  
j e t  broadens as it approaches t h e  c e n t e r l i n e  and changes i n t o  a w a l l  d i r e c t e d  
j e t  which curves  a l o n g  t h e  w a l l s  o f  t h e  combustor dome and escapes t h e  
i n j e c t o r  p l a n e  by f l o w i n g  around t h e  i n i t i a l  j e t .  A c i r c u l a r  v o r t e x  i s  seen 
t o  e x i s t  i n  t h e  l e f t  hand corner  o f  t h e  combustor i n  each p lane.  

The combustor c o n f i g u r a t i o n ,  and t h e  i n l e t  a i r  f l o w  
The i n i t i a l  

The computat ions were performed on a g r i d  o f  37 x 16 x 9 nodes by f i n i t e  

T h i s  

The t y p i c a l  s e t  o f  c a l c u l a t e d  t r a j e c t o r i e s  f o r  t h e  p u l v e r i z e d  coa l  
p a r t i c l e s  a r e  shown i n  F ig .  3. A t o t a l  o f  e i g h t  d i f f e r e n t  s i z e  groups were 
se lec ted  such t h a t  t h e  mass f r a c t i o n  i n  each s i z e  group i s  un i fo rm.  The mass 
weighted mean d iameter  f o r  t h e  d i s t r i b u t i o n  i s  50 pm which r o u g h l y  corresponds 
t o  80 p e r c e n t  minus 200 mesh. I n  t h e  computations, t h e  p a r t i c l e s  a r e  i n j e c t e d  
a t  the  i n j e c t o r  p l a n e  and t h e i r  t r a j e c t o r i e s  a re  f o l l o w e d  u n t i l  one o f  t h e  
t h r e e  c o n d i t i o n s  i s  met: (i) p a r t i c l e  combusts and i s  converted t o  an ash 
parti:le, a: Which i i i i ie  it i s  removed from f u r t h e r  c o n s i d e r a t i o n ,  (ii) t h e  
p a r t i c l e  h i t s  t h e  w a l l ,  o r  ( i i i )  p a r t i c l e  e x i t s  t h e  combustor. 

The f a t e  o f  t h e  p a r t i c l e  h i t t i n g  t h e  w a l l  depends on t h e  w a l l  boundary 
c o n d i t i o n s .  I f  w a l l s  a re  s l a g g i n g  t h e n  a p a r t i c l e  i s  captured by t h e  slag, 
f o l l o w  t h e  s l a g  and i n  the  process r e a c t  th rough p y r o l y s i s  o r  a char  burn ing  
mechanism. S ince  i n  t h e  present  work d e t a i l s  o f  s l a g  w a l l  l a y e r  f l o w  are n o t  
resolved, two l i m i t i n g  cases o f  p a r t i c l e  w a l l  i n t e r a c t i o n  a r e  considered. I n  
t h e  f i r s t  case i t  i s  assumed t h a t  any p a r t i c l e  h i t t i n g  w a l l  i s  comple te ly  l o s t  
f r o m  f u r t h e r  c o n s i d e r a t i o n ,  w h i l e  i n  t h e  second case i t  i s  assumed t h a t  a 
p a r t i c l e  h i t t i n g  t h e  w a l l  i s  comple te ly  decomposed i n t o  gaseous f u e l  a t  t h e  
cons tan t  temperature.  The l a t t e r  process w i l l  be approached i n  t h e  l i m i t  o f  
extremely h o t  and s t i c k y  s l a g  o f  n e g l i g i b l e  v e l o c i t y ,  so t h a t  a l l  
v o l a t i l i z a t i o n  w i l l  occur  i n  t h e  v i c i n i t y  o f  t h e  impact p o i n t .  Since i n  most 
cases o f  p r a c t i c a l  i n t e r e s t ,  t h e  des ign  shou ld  ensure maximum b u r n i n g  i n  
suspension, d e t a i l s  of  w a l l  p a r t i c l e  i n t e r a c t i o n  may n o t  be c r i t i c a l  t o  
combustion s t a b i l i t y  and f l o w  f i e l d  s t r u c t u r e .  However, w a l l  r e a c t i o n  can 
c o n t r i b u t e  e x t e n s i v e l y  t o  combustion o f  l a r g e  coa l  p a r t i c l e s .  
dominate res idence t i m e  requirements f o r  pure  suspension combustion, and a r e  
most e f f e c t i v e l y  combusted v i a  w a l l  r e a c t i o n ,  which e f f e c t i v e l y  p rov ides  
extended res idence t i m e .  
i s  most a t t r a c t i v e  under reduc ing  f l o w  c o n d i t i o n s .  

d iameter of  50 urn, approx imate ly  81 percent  o f  t h e  f u e l  i s  u t i l i z e d  be fore  
p a r t i c l e s  h i t  the  w a l l .  I f  t h e  f u e l  i s  s u b s t i t u t e d  w i t h  a coa l  water  m i x t u r e  
Conta in ing  30 percent  water (Case 2 )  b u t  o therw ise  t h e  same s i z e  d i s t r i b u t i o n  
as the d r y  c o a l ,  t h e  f r a c t i o n  o f  f u e l  u t i l i z e d  i s  s l i g h t l y  inc reased t o  
86 percent.  

They o r d i n a r i l y  

I n  terms o f  f u e l  energy u t i l i z a t i o n ,  t h i s  mechanism 

I n  t h e  case o f  d r y  p u l v e r i z e d  c o a l  (Case 1) w i t h  a mass mean p a r t i c l e  

The s l i g h t  inc rease i n  t h e  f u e l  u t i l i z a t i o n  may p o s s i b l y  be due 
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t o  t h e  inc reased c o n t r i b u t i o n  f rom the  g a s i f i c a t i o n  r a t e .  The o v e r a l l  
c h a r a c t e r i s t i c s  o f  t h e  f l o w  are  unchanged, and t h e r e  i s  a s l i g h t  decrease i n  
t h e  temperature l e v e l s .  P a r t i c l e s  up t o  23 pm a r e  comple te ly  converted t o  ash 
i n  l e s s  t h a n  34 ms. w h i l e  l a r g e r  p a r t i c l e s  o n l y  r e a c t  p a r t i a l l y  b e f o r e  h i t t i n g  
t h e  w a l l .  The presence o f  water i n  c o a l  a lone does n o t  adverse ly  a f f e c t  t h e  
combustion process, and t h e r e  i s  s l i g h t  evidence t o  suggest a b e n e f i c i a l  
e f f e c t  p o s s i b l y  due t o  increased g a s i f i c a t i o n  o f  t h e  char  ( s e e  Equat ion 5 ) .  

The combustion process i s  more s t r o n g l y  dependent on t h e  i n i t i a l  s i z e  
d i s t r i b u t i o n .  Reducing t h e  mass mean s i z e  f rom 50 pm (80 percent  minus 200 
mesh) t o  33 pm (80 percent  minus 325 mesh) r e s u l t s  i n  inc rease o f  t h e  f r a c t i o n  
u t i l i z e d  f rom 86 percent  t o  94 percent  (Case 3 ) .  I n  many coa l  water  s l u r r y  
a p p l i c a t i o n s ,  as discussed before,  t h e  s i z e  d i s t r i b u t i o n  o f  d r o p l e t s  i s  
governed by t h e  i n j e c t o r  performance. I f  i t  i s  assumed t h a t  t h e  i n j e c t o r  
produces p r a c t i c a l l y  monosized d r o p l e t s  o f  33 pm d iameter  (Case 4) ,  t h e n  t h e  
f r a c t i o n  o f  f u e l  u t i l i z e d  i s  d r a m a t i c a l l y  reduced t o  58 percent .  Thus, as i s  
w e l l  known, s i z e  d i s t r i b u t i o n  p l a y s  an impor tan t  r o l e  i n  t h e  combustion 
process. I n  t h e  presence o f  a t y p i c a l  broad s i z e  d i s t r i b u t i o n ,  f i n e  p a r t i c l e s  
re lease energy t o  inc rease t h e  temperature l e v e l  so t h a t  a 33 r m  d r o p l e t  i s  70 
percent  u t i l i z e d  be fore  i t  h i t s  t h e  w a l l ,  w h i l e  i n  t h e  presence o f  monosized 
d r o p l e t s ,  a 33 pm d r o p l e t  i s  5 6  percent  u t i l i z e d .  

(Case 5 )  t h e n  by d e f i n i t i o n  f u e l  i s  comple te ly  converted t o  gaseous f u e l .  I n  
a l l  t h e  cases examined here, t h e  combustor i s  operated f u e l  r i c h  and 
u t i l i z a t i o n  o f  02 i s  complete. Even when t h e  f u e l  i s  n o t  comple te ly  
combusted, t h e  combustor o u t f l o w  i s  devoid o f  any oxygen. The v o l a t i l e s  
re leased i n  t h e  p y r o l y s i s  phase a r e  o f  C6H12 and CgH6 type, and some 
uncombusted v o l a t i l e s -  (up t o  2 percent  by we igh t )  a r e  p r e d i c t e d .  The presence 
of  uncombusted v o l a t i l e s  may be due t o  t h e  incomple te  t u r b u l e n t  m i x i n g  o f  t h e  
v o l a t i l e s  o r  due t o  t h e  inadequacy o f  t h e  model which l a c k s  t h e  k i n e t i c  r o u t e  
f o r  t h e  d i s s o c i a t i o n  o r  s a s i f i c a t i o n  o f  gaseous f u e l  t o  CO and Hz.  

I f  one assumes t h a t  a d r o p l e t  i s  u t i l i z e d  comple te ly  as i t  h i t s  t h e  w a l l  

The combustor e x i t  c o n d i t i o n s  are  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  i n i t i a  

As an example t h e  temperature and CO mass f r a c t i o n  

s i z e  d i s t r i b u t i o n  and composi t ion o f  f u e l .  The d e t a i l e d  temperature and 
species d i s t r i b u t i o n s  i n s i d e  the  combustor, however, a r e  s t r o n g l y  s e n s i t i v e  
t h e  s i z e  d i s t r i b u t i o n .  
contours i n  t h e  i n j e c t o r  plane a r e  compared i n  F igs .  4 and 5, r e s p e c t i v e l y .  

0 

The a b i l i t y  o f  t h e  code t o  compute complex three-dimensional  combustor 
f l o w  f i e l d s  has been demonstrated. The purpose o f  t h e  model work was 
s p e c i f i c a l l y  as a design t o o l  f o r  e x p l o r a t i o n  o f  combustor geometry, s i z i n g ,  
and f u e l  cho ices .  It was success fu l  and u s e f u l  i n  t h a t  regard.  The model has 
g iven reasonable q u a l i t a t i v e  p r e d i c t i o n  o f  t h e  t o r o i d a l  v o r t e x  f l o w  f i e l d  
under c o l d  f l o w  c o n d i t i o n s . ( l 2 )  
f rom t h e  combustor development program, q u a n t i t a t i v e  comparisons w i l l  be made 
and t h e  model r e v i s e d  t o  improve p h y s i c a l  assumptions. 

Also,  as t h e  t e s t  da ta  become a v a i l a b l e  
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TABLE 1 

COMBUSTOR CONFIGURATION AND INIT lAL CONDITIONS 

Combustor Diameter 0.35 rn 

Injector-Dome Length 

No. o f  I n j e c t o r s  

I n j e c t i o n  Angle 

A i r  Flow Rate 

A i r  I n j e c t i o n  V e l o c i t y  

A i r  I n j e c t i o n  Temp. 

A i r  Pressure 

0.43 rn 

4 

60 

0.37 kg/s 

70 m/s 

617 K 

6 atm 

TABLE 2 

INITIAL CONDITIONS FOR FUEL COMPOSITION 

Case Case 
2 - 1 - 

i f u e l  0.051 0.073 

m*a te r /d fue l  0.0 0.3 

Bdaf/"iuel 0.95 0.665 

d 50 l~ 50 lJ 

f ( d )  exp ( d/d) exp ( d/d) 

0 1 . 3  1.3 

Par t  i c  le/Wa 11 1 1 
I n t e r a c t i o n  
Mode 1 

(1)  P a r t i c l e  Capture, no vapor i za t i on  
( 2 )  P a r t i c l e  Capture, Complete vapor i za t i on  

Case 
3 

0.073 

0.3 

0.665 

33 lJ 

exp ( d/d) 

1.3 

1 

Case 
4 

0.073 

0.3 

0.665 

33 lJ 

6 (d /d)  

1.3 

1 

- 
Case 

5 

0.073 

0.3 

0.665 

33 lJ 

d (d/d) 

1.3 

2 

- 
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PARTICLE TRAJECTORIES 

0.175 L T l  
R(m) 

110 )L 

0.000 0.167 0.333 0.500 0.567 

r 

Z (ml 

Figure 3 Typical Par t i c l e  Trajectories  i n  r-z Plane 

TEMPERATURE CONTOURS 

CASE 1 

I I I I I ,--% 

R 

---r.  

]jT7-k*Tt CASE 4 

0 
- --$ 

0.313 0.469 0.625 0.781 0.938 0.000 0.156 

*,e10 
2 (m) 

Figure 4 Computed Temperature Contour P lo t s .  
Contour 1 = 300K, Contour 1 1  = 2800K, increment = 250K 
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CO MASS FRACTION CONTOURS 

CASE 1 

1 I I I I I - - E  

CASE 2 

I I I I I -E 

CASE 3 

I I I I I I --E 
c 

CASE 4 

I I I e I I --G 

CASE 5 

I I I I I I - - E  
L 

0.000 0.156 0.313 0.464 0.615 0.781 0.938 

Figure 5 Computed CO Mass Fraction Contour Plots. 
Contour 1 = 0, Contour 1 1  = 0.4, increment = 0.04 
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MODELING OF AGGLOMERATION I N  A FLUIDIZED BED 

A. Rehmat, C. Huang,* R. Ca r ty  

I n s t i t u t e  of Gas Technology 
Chicago, I l l i n o i s  60616 

H. Hariri, H. Arastoopour 

I l l i n o i s  I n s t i t u t e  of Technology 
Chicago, I l l i n o i s  60616 

ABSTRACT 

A f l u i d i z e d  bed con ta in ing  a c e n t r a l  j e t  was ope ra t ed  wi th  low-temperature 
mel t ing  m a t e r i a l s  t o  o b t a i n  the  r a t e  of agglomera t ion  a s  w e l l  a s  t o  measure the  
tempera ture  d i s t r i b u t i o n  w i t h i n  t h e  f l u i d i z e d  bed. The r a t e  of agglomera t ion  was 
obta ined  as a func t ion  of ope ra t ing  parameters  such a s  tempera ture  and v e l o c i t y .  
The agglomera t ion  r a t e  de f ined ,  as t he  rate of change i n  t h e  number of p a r t i c l e s  of 
a p a r t i c u l a r  s i z e ,  was determined from t h e  p a r t i c l e  popu la t ion  ba lance  us ing  t h e  
exper imenta l  da t a .  

The agglomera t ion  model developed t o  p r e d i c t  t h e  agglomera t ion  r a t e  cons t an t  
based on t h e  tempera ture  d i s t r i b u t i o n  i n  the  f l u i d i z e d  bed and the  rate of 
en t ra inment  of p a r t i c l e s  i n t o  the  j e t  y i e lded  va lues  f o r  t h e  r a t e  c o n s t a n t s  s i m i l a r  
t o  the  exper imenta l  va lues .  

INTRODUCTION 

Fluidized-bed systems have been used in many c o a l  convers ion  and o t h e r  chemica l  
processes .  The f l u i d i z e d  beds a r e  sometimes opera ted  under agglomera t ing  c o n d i t i o n s  
t o  maximize c o a l  u t i l i z a t i o n .  T h e  ope ra t ing  cond i t ions  in such cases  a r e  chosen t o  
prevent  t h e  onse t  of s i n t e r s  and d e f l u i d i z a t i o n  ( 1 , 2 , 3 , 4 ) .  Under s u i t a b l e  o p e r a t i n g  
c o n d i t i o n s ,  ash  agglomera t ion  provides  a very e f f e c t i v e  means of ash  removal from a 
c o a l  g a s i f i e r  (5 ) .  

A d i s t i n g u i s h i n g  f e a t u r e  of a n  ash-agglomerating c o a l  g a s i f i e r  is a reg ion  
where t h e  tempera ture  of t h e  ash  p a r t i c l e s  is h igh  enough t o  make t h e  s u r f a c e s  
s t i c k y  so t h a t  when they  c o l l i d e  w i t h  each  o t h e r ,  they  adhere  t o  each  o t h e r  t o  
produce agglomera tes .  The r a t e  of t h e  format ion  of t h e s e  agglomera tes  depends upon 
s e v e r a l  f a c t o r s  such as t h e  oxidant  d i s t r i b u t i o n  w i t h i n  t h e  bed, t he  o v e r a l l  
f l u i d i z a t i o n  v e l o c i t y ,  and the  a sh  p r o p e r t i e s .  The oxidant  d i s t r i b u t i o n  p r i m a r i l y  
in f luence  the  format ion  of the  l o c a l i z e d  zone of h igh  tempera ture  w i t h i n  t h e  
f l u i d i z e d  bed, whereas t h e  v e l o c i t y  i n f l u e n c e s  the  rate of p a r t i c l e  c o l l i s i o n  as 
w e l l  a s  t h e  p a r t i c l e  en t ra inment  w i t h i n  t h i s  zone. Based on these  f a c t o r s ,  a 
mathematical  model f o r  agglomera t ion  has been developed t o  p r e d i c t  t h e  rate of 
agglomera t ion  i n  a f l u i d i z e d  bed c o n t a i n i n g  a c e n t r a l  j e t .  These r a t e s  are then  
compared wi th  those  ob ta ined  from t h e  a c t u a l  exper iments .  

EXPERIMENTAL APPARATUS AND PROCEDURE 

The appa ra tus  c o n s i s t s  of a 15.2-cm-ID g l a s s  f lu id ized-bed  column, a meta l  
s e c t i o n  pos i t i oned  benea th  the  g l a s s  column f o r  tempera ture  measurement end 
sampling, a gas  d i s t r i b u t o r ,  a j e t  and f l u i d i z i n g  a i r  hea t ing  sys tem,  tempera ture  
c o n t r o l l i n g  and tempera ture  measurement dev ices ,  and f low regu la t ion  and measurement 
systems (F igu re  1) .  I n  t h e  exper iment ,  t he  j e t  and t h e  f l u i d i z i n g  a i r  t empera tu res  

*Dr. Huang is c u r r e n t l y  a t  Nalco Chemical,  N a p e r v i l l e ,  I l l i n o i s .  
___.I__- I__ 
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were var ied  and t h e  tempera ture  d i s t r i b u t i o n  and t h e  agglomerat ion of t h e  p a r t i c l e s  
in the  bed were measured. Polye thylene  and p o l y o l e f i n  p a r t i c l e s  were used as bed 
m a t e r i a l .  Two types  of gas d i s t r i b u t o r s  were used: a f l a t  porous p l a t e  with a 
c e n t r a l  j e t  and a porous cone with a c e n t r a l  j e t .  

The jet gas  tempera ture  w a s  a d j u s t e d  t o  a va lue  above t h e  mel t ing  tempera ture  
of the  bed m a t e r i a l .  The f l u i d i z i n g  a i r  ( a u x i l i a r y  a i r )  t empera ture  was g e n e r a l l y  
maintained lower than  t h e  s o f t e n i n g  temperature  of t h e  bed m a t e r i a l  t o  avoid  s i n t e r  
formation on t h e  d i s t r i b u t o r .  

EXPERIMENTAL RESULTS 

Figure  2 shows t h e  e f f e c t  of j e t  t empera ture  on the  agglomera t ion  f o r  a f l a t  
porous d i s t r i b u t o r  wi th  h igh-dens i ty  polye thylene  bed m a t e r i a l .  The measure. of 
agglomerat ion is  t h e  weight  percentage  of p a r t i c l e s  g r e a t e r  than 850 ym, which 
increased  l i n e a r l y  w i t h  res idence  t ime a t  each temperature  l e v e l .  The percentage  of 
agglomerates  also i n c r e a s e d  l i n e a r l y  with t h e  f l u i d i z i n g  g a s  and bed tempera tures ;  
however, t h e  j e t  a i r  t empera ture  was found t o  have t h e  most s i g n i f i c a n t  e f f e c t  on 
t h e  agglomerat ion r a t e .  

Another impor tan t  f a c t o r  a f f e c t i n g  t h e  r a t e  of agglomera t ion  in f l u i d i z e d  beds 
is the  r a t e  of p a r t i c l e  en t ra inment  i n t o  t h e  high-temperature  j e t  reg ion .  The 
en t ra inment  r a t e  depends on t h e  s t r e s s  d i s t r i b u t i o n  among t h e  p a r t i c l e s  i n  t h e  
v i c i n i t y  of t h e  j e t  r e g i o n .  The d i r e c t i o n ,  magni tude,  and component of t h e  s t r e s s  
toward t h e  j e t  reg ion  depends on t h e  cone angle .  F igure  3 compares the  
agglomerat ion obta ined  w i t h  gas d i s t r i b u t o r s  having half-cone a n g l e s  of 30", 45 ' ,  
60". and 90" ( f l a t )  a f t e r  2 ,  4 ,  6 ,  and 8 hours  of s t e a d y - s t a t e  opera t ion .  The 
agglomerat ion i n c r e a s e d  as the  cone angle  decreased up t o  45'- However, ?hen the 
cone angle was decreased  t o  30", t h e  agglomerat ion was found t o  be l e s s  t h a n  t h a t  
wi th  cone angle  of 4 5 " .  This i m p l i e s  t h a t ,  a l though t h e  s t e e p e r  i n v e r t e d  cone 
d i r e c t e d  t h e  s t r e s s  on t h e  p a r t i c l e s  in t h e  cone s e c t i o n  more e f f e c t i v e l y  toward t h e  
j e t  zone, t h e  amount of p a r t i c l e s  i n  t h e  cone s e c t i o n  decreased  r e s u l t i n g  i n  lower 
en t ra inment  of the  p a r t i c l e s .  Because of t h i s  compet i t ive  e f f e c t ,  t h e r e  e x i s t s  an 
optimum cone angle  f o r  t h e  maximum r a t e  of agglomerat ion.  This  half-cone angle  is 
approximately 4 5 " .  
d i s t r i b u t i o n ,  shape and s u r f a c e  roughness of t h e  p a r t i c l e s ,  and the  je t  and t h e  
f l u i d f z i n g  a i r  v e l o c i t i e s .  

The optimum angle  can be a f u n c t i o n  of p a r t i c l e - s i z e  

The tempera ture  d i s t r i b u t i o n  i n s i d e  t h e  bed was p l o t t e d  us ing  tempera ture  
measurements a t  more than  50 l o c a t i o n s  i n s i d e  the f l u i d i z e d  bed. A t y p i c a l  
t empera ture  d i e t r i b u t i o n  p r o f i l e  in t h e  a r e a  near t h e  porous cone d i s t r i b u t o r  is 
i l l u s t r a t e d  in Figure  4 .  More d a t a  concern ing  o t h e r  o p e r a t i n g  c o n d i t i o n s  a r e  g iven  
elsewhere.  (6). 

DATA ANALYSIS 

I n  a f l u i d i z e d  bed opera ted  under agglomerat ing c o n d i t i o n s ,  t h e  r a t e  of 
agglomerat ion between p a r t i c l e s  of two d i f f e r e n t  s i z e s  is p r o p o r t i o n a l  t o  t h e  
product  of t h e i r  c o n c e n t r a t i o n s .  The p r o p o r t i o n a l i t y  cons tan t  is c a l l e d  t h e  
agglomerat ion r a t e  c o n s t a n t .  

TO d e f i n e  t h e  r a t e  of agglomerat ion,  we have adopted a d e f i n i t i o n  t h a t  is 
analogous t o  t h e  r a t e  of chemical r e a c t i o n .  In a chemical  r e a c t i o n ,  t h e  r a t e  of 
r e a c t i o n  is def ined  i n  terms of the  r a t e  of change in t h e  number of moles of a 
p a r t i c u l a r  component i n  t h e  r e a c t i n g  system due t o  i t s  r e a c t i o n .  I n  t h e  
agglomerat ion p r o c e s s ,  what is changed dur ing  t h e  process  is t h e  p a r t i c l e - s i z e  
d i s t r i b u t i o n .  T h e r e f o r e ,  i t  i s  a p p r o p r i a t e  t o  d e f i n e  t h e  r a t e  of agglomerat ion of 
p a r t i c l e s  of a p a r t i c u l a r  s i z e  a s  t h e  r a t e  of change i n  t h e  number of p a r t i c l e s  of 
t h a t  s i z e .  Due t o  t h e  d i f f i c u l t y  i n  measuring t h e  number of p a r t i c l e s  of a 
p a r t i c u l a r  s i z e  per u n i t  volume of t h e  f l u i d i z e d  bed, it has  been found convenient  
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t o  express  t h e  r a t e  of agglomera t ion  of t h e  p a r t i c l e s  in terms of i ts  r a t e  of change 
pe r  u n i t  mass of the  bed ma te r i a l .  

S ince  t h e  o v e r a l l  rate of agglomera t ion  is a measure of t h e  r a t e  of change in 
t h e  number of p a r t i c l e s  of va r ious  s i z e s ,  t he  p a r t i c l e  s i z e  is def ined  in a manner 
t h a t  is meaningful and f a c i l i t a t e s  the  numer ica l  computation i n  t h e  p a r t i c l e  
popula t ion  ba lance .  It is assumed t h a t  a l l  p a r t i c l e s  are made up of u n i t  p a r t i c l e s  
of mass mo and d iameter  do. This  assumption impl i e s  t h a t  p a r t i c l e  s i z e  is d i s c r e t e  
and each p a r t i c l e  has a mass equal  t o  an i n t e g e r  times t h e  mass of a u n i t  
p a r t i c l e .  
is c a l l e d  p a r t i c l e  s i z e  I. N(1) is def ined  as  the  number of p a r t i c l e s  of s i z e  I p e r  
u n i t  mass of bed m a t e r i a l  and is c a l l e d  t h e  mass number d e n s i t y  of p a r t i c l e s  of s i z e  
I. The rate of agglomera t ion  of p a r t i c l e s  of s i z e  I can be expressed  a s :  

The p a r t i c l e  whose mass is I times t h e  mass of a u n i t  p a r t i c l e  (I x no) 

R(1) P 

d t  

The va lue  of the  r a t e  of agglomera t ion  R(1) is dependent upon ope ra t ing  v a r i a b l e s ,  
i nc lud ing  t h e  tempera ture  d i s t r i b u t i o n  in the  bed, v e l o c i t y ,  and p a r t i c l e - s i z e  
d i s t r i b u t i o n .  

I f  w e  assume t h e  agglomera t ion  process  a s  i nvo lv ing  t h e  c o l l i s i o n  of a s i n g l e  
p a r t i c l e  of s i z e  I and a s i n g l e  p a r t i c l e  of s i z e  J, then  i t  is  reasonable  t o  assume 
t h a t  t he  gene ra t ion  r a t e  of agglomerates (I t J)  forming from p a r t i c l e s  of s i z e  I 
and p a r t i c l e s  of s i z e  J is propor t iona l  t o  the  c o l l i s i o n  frequency between t h e s e  
p a r t i c l e s .  As the  number of c o l l i s i o n s  between p a r t i c l e s  of any two p a r t i c u l a r  
s i z e s  is propor t iona l  t o  the  product of t h e i r  mass number d e n s i t i e s ,  t he  r a t e  of 
gene ra t ion  of agglomera tes  of s i z e  (I t J) from p a r t i c l e s  of  s i z e s  I and J is: 

Here, KI,J is t he  agglomera t ion  r a t e  cons t an t .  

P a r t i c l e  Popula t ion  Balance f o r  Batch Process .  In t h e  popu la t ion  ba lance  of 
t h e  p a r t i c l e s  of a p a r t i c u l a r  s i z e  I ,  a l l  the  p o s s i b l e  combinations l e a d i n g  to  t h e  
format ion  o r  consumption of s i z e  I p a r t i c l e s  are t o  be cons idered  s i n c e  p a r t i c l e s  of 
s i z e  I combines wi th  o t h e r  p a r t i c l e s  t o  form agglomera tes  of l a r g e r  s i z e s ;  on t h e  
o the r  hand, sma l l e r  p a r t i c l e s  may s t i c k  toge the r  and form agglomera tes  of s i z e  I. 
Using Equat ion  1, t he  rate of genera t ion  of agglomera tes  of s i z e  I from s m a l l e r  
p a r t i c l e s  is: 

S i m i l a r l y ,  t h e  r a t e  of consumption of p a r t i c l e s  of s i z e  I due to  agglomera t ion  is: 

where L i s  t h e  s i z e  of t h e  l a r g e s t  p a r t i c l e s  t h a t  e x i s t  in t h e  bed. The popu la t ion  
ba lance  f o r  p a r t i c l e s  of s i z e  I in batch  process  can thus  be w r i t t e n  a s :  

Computation of Agglomeration Rate Cons tan t .  For t h e  computation of t h e  
agglomera t ion  r a t e  cons t an t  from the  d a t a ,  i t  i s  f i r s t  expressed  in terms of the 
ope ra t ing  v a r i a b l e s  and p a r t i c l e  s i z e s .  This  approach f a c i l i t a t e s  in so lv ing  the  
r a t e  cons t an t  i n t e g r a l  equa t ions .  The agglomera t ion  rate cons t an t  KI,J can  be 
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represented  by t h e  product  of two f u n c t i o n s ;  t h e  f i r s t  f u n c t i o n ,  kop, is dependent  
upon t h e  o p e r a t i n g  c o n d i t i o n s ,  and t h e  o t h e r ,  k ( d I , d J ) ,  is s ize-dependent ,  as :  

It i s  d i f f i c u l t  t o  o b t a i n  a n  e x p r e s s i o n  f o r  k(dI ,dJ )  from a t h e o r e t i c a l  s t a n d p o i n t .  
Based on t h e  behavior  of p a r t i c l e s ,  one r e s t r i c t i o n  t h a t  can  be imposed on the  
f u n c t i o n a l  form of k(dI ,dJ )  is t h a t  i t  should be symmetric with r e s p e c t  to dI and 
dJ. 
exper imenta l  d a t a .  

The u l t i m a t e  f u n c t i o n a l  form of k(dI ,dJ )  must be determined wi th  t h e  a i d  of 

Even w i t h  t h e  assumptions of Equat ion 4,  t h e r e  a r e  s t i l l  too  many p o s s i b l e  
combinat ions of ko and k(dI ,d  
t e s t i n g  procedure fs needed. 
Equat ion 3,  f o r  a s p e c i f i c  o p e r a t i n g  c o n d i t i o n ,  i s  rear ranged  as f o l l o w s :  

I L 

1 1 

t o  be t e s t e d ,  and f u r t h e r  s i m p l i f i c a t i o n  of t h e  40 achieve  t h i s ,  t h e  p a r t i c l e  popula t ion  balance 

k = [MN(I) /Mt l / [ i  6 k(d,_,,d,)N(J)N(I-J)dJ - 6 k(dI ,dJ )N(I )N(J)dJ l  5 )  
OP 

Thus, if t h e  c o r r e c t  f u n c t i o n a l  form of k(dI ,dJ )  i s  used i n  Equat ion 5 ,  the 
c a l c u l a t e d  k should  have the  same value f o r  a l l  of t h e  p a r t i c l e  s i z e s  under 
s p e c i f i c  opeygt ing  c o n d i t i o n s .  
k(dI ,dJ) .  To f i n d  t h e  c o r r e c t  f u n c t i o n a l  form of k(d  , d J ) ,  s e v e r a l  symmetric 
func t ions  wi th  r e s p e c t  t o  d and dJ were s u b s t i t u t e d  i n t o  Equat ion 5. 
showed t h a t  t h e  f u n c t i o n a l  form of 

This  provides  a means t o  t e s t  t h e  f u n c t i o n a l  form of 

Our s t u d i e s  

r e s u l t s  i n  a n e a r l y  c o n s t a n t  value of k over  the whole p a r t i c l e  s i z e  range a t  
s p e c i f i c  o p e r a t i n g  c o n d i t i o n s .  Therefo%, K I , J  can be expressed  as :  

The e:?perimental d a t a  was used t o  c a l c u l a t e  MN(I)/Mt; then the  agglomerat ion r a t e  
cons tan t  k These values a t  d i f f e r e n t  j e t  
temperaturzg a r e  shown i n  Table  1. 

w a s  c a l c u l a t e d  us ing  Equat ions 5 and 6 .  

Table 1.  THE CALCULATED VALUES OF k BY 
PARTICLE POPULATION BALANCE USING E X P E R I ~ ~ T A L  DATA 

J e t  Temp, 'C 144.4 143.3 142.8 142.2 -___ -__ 

1.78 x 10-9 1.20 x 10-9 0.9 x 10-9 0.45 x koP 

The value of k 
(Table 1 and F&re 2). 

AGGLOMERATION MODEL 

i n c r e a s e s  s i g n i f i c a n t l y  with a s l i g h t  i n c r e a s e  i n  j e t  temperature  

As t h e  hot  j e t  g a s  stream i s  fed  i n t o  t h e  f l u i d i z e d  bed through t h e  nozzle  a t  a 
temperature  s u b s t a n t i a l l y  h i g h e r  than the  f l u i d i z i n g  gas tempera ture ,  a hot j e t  zone 
i n  the c e n t r a l  p o r t i o n  of t h e  bed is  c r e a t e d .  The c o n c e n t r a t i o n  of s o l i d s  i n  t h e  
j e t  zone i s  much lower t h a n  the  s o l i d s  c o n c e n t r a t i o n  i n  the  bulk of t h e  bed. The 
s o l i d  p a r t i c l e s  e n t e r  t h e  j e t  zone and exchange heat with t h e  h o t  j e t  gas.  
temperature  of the  p a r t i c l e s  i n  the j e t  zone i n c r e a s e s ;  f o r  some p a r t i c l e s ,  t h i s  

The 
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r e s u l t s  i n  p a r t i a l  me l t ing .  Upon t h e  c o l l i s i o n  of two s t i c k y  p a r t i c l e s ,  
agglomera t ion  may occur.  Whether agglomera t ion  t a k e s  p l a c e  o r  no t  depends on 
s e v e r a l  p a r t i c l e  c h a r a c t e r i s t i c s ,  i nc lud ing  the  r e l a t i v e  v e l o c i t y  of t h e  c o l l i d i n g  
p a r t i c l e s ,  t he  th i ckness  of t he  molten l a y e r ,  and the  v i s c o s i t y  of t he  molten 
material. 

In t he  a r e a  near  t h e  j e t ,  the p a r t i c l e s  a r e  assumed t o  t r a v e l  h o r i z o n t a l l y  as  
they  a r e  en t r a ined  i n t o  the  j e t  u n t i l  they  reach  the  j e t  boundary where p a r t i c l e s  
e n t e r  i n t o  the  j e t  zone and t r a v e l  upward and f i n a l l y  e x i t  from t h e  t o p  of t h e  j e t .  

The en t ra inment  of gas  i n t o  a f r e e  j e t  has  been g iven  by Ricou and Spa ld ing  ( 7 )  
as:  

where - 

Mgo = mass flow rate of i n i t i a l  j e t  g a s ,  kg/h 

Mg = mass flow rate of i n i t i a l  and e n t r a i n e d  gas ,  kg/h 

x = d i s t a n c e  from nozz le  e x i t ,  m 

dn = nozzle  d i ame te r ,  m 

pgi = d e n s i t y  of e n t r a i n e d  gas ,  kg/m3 

pgo = d e n s i t y  of gas  e x i t i n g  nozz le ,  kg/m3 

s t ream.  However, t h i s  e f f e c t  was found t o  be n e g l i g i b l e  for  t h e  p a r t i c l e - s i z e  range 
(mean p a r t i c l e  d iameter  = 350 urn) used  in t h i s  s tudy  (8). 
en t r a ined  near the  j e t  by the  e n t r a i n e d  gas ;  then they  change d i r e c t i o n  and move 
upward due t o  momentum exchange wi th  t h e  j e t  gas.  
en t r a ined  t o  the  j e t  is  n e g l i g i b l e  in comparison wi th  the  j e t  gas  f low r a t e .  
However, t h e  rate of gas  en t ra inment  has  been used t o  e s t ima te  t h e  p a r t i c l e  
en t ra inment  i n t o  t h e  j e t .  As t he  p a r t i c l e s  e n t e r  i n t o  t h e  j e t ,  they  travel upward 
due t o  t h e  j e t  gas  momentum. The fo l lowing  momentum ba lance  was used t o  c a l c u l a t e  
the  p a r t i c l e  v e l o c i t y  in t he  j e t  zone. 

The presence  of p a r t i c l e s  may a f f e c t  t h e  en t ra inment  of gas  into the  j e t  

The p a r t i c l e s  a r e  

In t h i s  s tudy ,  t he  flow of g a s  

where x = o d e f i n e s  the  l o c a t i o n  where the  p a r t i c l e s  e n t e r  t he  j e t  zone. v and v 
a r e  p a r t i c l e  and gas  v e l o c i t i e s ,  r e s p e c t i v e l y ,  eP is t h e  p a r t i c l e s  vo id  f r a g t i o n ,  
and CD is t he  d rag  c o e f f i c i e n t .  

With the  assumption t h a t  hea t  t r a n s f e r  t o  a p a r t i c l e  is v i a  hea t  exchange wi th  
i ts  sur rounding  gas  stream, t h e  hea t  ba lance  on a s i n g l e  p a r t i c l e  in t h e  r eg ion  near  
and in t h e  j e t  is expressed  a s :  

where a is t h e  p a r t i c l e  thermal  d i f f u s i v i t y .  

a t t = O , T  = T  
P B  

where TB i s  the  bed tempera ture  
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aT 
a t  r = 0, -2 = o ar 

and 
aT h(Tv - T ) near  the  j e t  

h(T, - T ) a t  t h e  j e t  zone 
at r = R, K~ -+= ( P 

P 

12) 

where KS i s  t h e  thermal  conduc t iv i ty  of p a r t i c l e s ,  T 
t h e  tempera ture  i n  t h e  r eg ion  near  t h e  j e t .  (Both tempera tures  a r e  measured 
exper imenta l ly . )  The hea t  t r a n s f e r  c o e f f i c i e n t  h is computed us ing  the  fo l lowing  
expres s ion  ( 9 ) :  

is j e t  t empera ture ,  and Tv is 3 

hd d p ( V  - v ) 1/2 c IJ 1 / 3  -2 = 2.0 + 0.6 ( a v '  1 (+-% 13) 
g g g 

where k is t h e  gas  the rma l  conduc t iv i ty ,  v is  t h e  gas  s t r e a m  v e l o c i t y ,  v is t h e  

P p a r t i c l g  v e l o c i t y ,  d is t h e  d iameter  of thg  p a r t i c l e ,  pg is gas viscosity! and c 
is the s p e c i f i c  heat! 

Using t h e  above h e a t  and momentum equa t ions ,  t he  tempera ture  of a s i n g l e  
p a r t i c l e  Tp a t  any l o c a t i o n  near  and i n  t h e  j e t  can be c a l c u l a t e d .  

mel t ing  t empera tu re ,  t h e  o u t e r  l a y e r  of t h e  p a r t i c l e s  i e l t ,  and the  p a r t i c l e s  may 
agglomerate upon c o l l i s i o n .  For each  c o l l i s i o n ,  there is only a f i n i t e  p r o b a b i l i t y  
of P* l e a d i n g  t o  s u c c e s s f u l  agglomeration. 

The p r o b a b i l i t y  P* is t h e  f r a c t i o n  of a l l  t h e  c o l l i s i o n s ,  which meet the  fo l lowing  
agglomera t ion  c r i t e r i a :  

I f  t h e  c a l c u l a t e d  tempera ture  of t he  p a r t i c l e s ,  T , i n  t h e  j e t  zone reaches  t h e  

R e l a t i v e  K i n e t i c  Energy P o t e n t i a l  f o r  D i s s i p a t i o n  of the  
of C o l l i d i n g  P a r t i c l e s  < K i n e t i c  Energy due t o  Agglomeration 14)  

The r e l a t i v e  k i n e t i c  energy  of two c o l l i d i n g  p a r t i c l e s  may be c a l c u l a t e d  from 
t h e i r  v e l o c i t i e s  as - 

1 m l  m2 2 
F I T  (Vl - v2) 

where m and m 
r e spec t ive ly .  ?See t h e  Appendix.) 
energy d i s s i p a t i o n ,  t h e  th i ckness  of t he  molten l a y e r  ( i . e . ,  t h e  l a y e r  with 
tempera ture  h i g h e r  t han  me l t ing  p o i n t )  is denoted as 6 and may be c a l c u l a t e d  from 
t h e  tempera ture  d i s t r i b u t i o n  i n s i d e  a p a r t i c l e  a t  any l o c a t i o n  i n  t h e  j e t .  We may 
wr i t e :  

a r e  t h e  masses of two p a r t i c l e s  w i th  v e l o c i t i e s  v1 and v2 ,  
To c a l c u l a t e  t h e  p o t e n t i a l  of two p a r t i c l e s  f o r  

61 + 62 2 
P o t e n t i a l  f o r  Energy D i s s i p a t i o n  = 3HIJe  I V I  - v2 I (y-) 15) 

where IJ 
molten f a y e r s  on t h e  s u r f a c e  of t h e  two p a r t i c l e s .  [See t h e  Appendix.) 
c r i t e r i o n  f o r  agglomera t ion  thus  becomes: 

is t h e  v i s c o s i t y  of t h e  molten l a y e r  and 6 and 62 a r e  the  th i cknesses  of 
The 
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Agglomeration Kine t i=  I n  our  agglomera t ion  model, a l l  p a r t i c l e s  a r e  assumed 
t o  be s p h e r i c a l  and have t h e  same dens i ty .  Agglomerates a r e  formed by t h e  c o l l i s i o n  
of a p a i r  of s t i c k y  p a r t i c l e s .  The volume number d e n s i t y  n ( I ) ,  is d e f i n e d  a s  t h e  
number of s i z e  I p a r t i c l e s  per  u n i t  volume. The c o l l i s i o n  f requency  between two 
p a r t i c l e s  of s i z e s  I and J is propor t iona l  t o  t h e i r  volume number d e n s i t i e s  and may 
be w r i t t e n  as: 

17) Between P a r t i c l e  S i z e s  I and 

Frequency of C o l l i s i o n  

where E is t h e  c o l l i s i o n  f requency  c o n s t a n t .  The agglomera t ion  r a t e  between s i z e  I 
p a r t i c l e s  and s i z e  J p a r t i c l e s  is expressed  a s :  

R I ,J = P*61,Jn(I) n ( J )  18) 

The volume number d e n s i t i e s  n(1)  and n ( J )  may be expressed  as: 

n(1) = EI N(1) 19) 

n ( J )  = EJ N(J) 2 0 )  

where EI and EJ a r e  the  c o e f f i c i e n t s  of en t ra inment  of p a r t i c l e  s i z e s  I and J i n t o  
the  j e t .  I t  is assumed t h a t  t h e  s i z e  d i s t r i b u t i o n  of p a r t i c l e s  i n  t h e  j e t  d i l u t e  
phase remains the  same a s  t h a t  i n  the  f l u i d i z e d  bed. The re fo re ,  t he  c o e f f i c i e n t s  of 
en t ra inment  f o r  a l l  p a r t i c l e  s i z e s  i n t o  the  j e t  should  be equa l ,  a s :  

E I = E J = E  21) 

The agglomera t ion  r a t e  RI,J may be w r i t t e n  a s :  

R = P* 61,J E‘ N(I)N(J) 2 2 )  
1 ,J 

Comparing Equat ion  22  w i t h  Equat ion  2 ,  t h e  agglomera t ion  r a t e  cons t an t  may be 
w r i t t e n  as: 

* 2 
‘I,.J = ’1,J E 23)  

As prev ious ly  mentioned, can be r ep resen ted  by a m u l t i p l e  of two func t ions ;  one 
dependent on  ope ra t ing  cozii:ions and the  o t h e r  on s i z e :  

The va lue  of c o l l i s i o n  f requency  cons t an t  6 depends on t h e  s i z e  of t h e  c o l l i d i n g  
p a r t i c l e s .  If 6 dependency on p a r t i c l e  s i z e  can be expres sed  wi th  t h e  same f u n c t i o n  
a s  t h a t  f o r  the agglomera t ion  r a t e  c o n s t a n t ,  

and we may then wr i t e :  
* 2  

k = P  6’E 
OP 
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The p r o b a b i l i t y  P* in Equat ion  26 is  t h e  f r a c t i o n  of a l l  t h e  c o l l i s i o n s  t h a t  meet 
t h e  agglomerat ion c r i t e r i a  i n  Equat ion 14. This  p r o b a b i l i t y  is  c a l c u l a t e d  by 
d e f i n i n g  F, a s  follows: 

1 i f  two particles of s i z e  I and J meet t h e  agglomera t ion  c r i t e r i a  

0 i f  two particles of s i z e  I and J do not  meet t h e  agglomerat ion c r i t e r i a  
€ =  

The value of P* is  c a l c u l a t e d  a s  the number of c o l l i s i o n s  for which 5 = 1 div ided  by 
t h e  t o t a l  number of  c o l l i s i o n s .  

8.E' depends mainly on t h e  gas  and s o l i d  f low behavior  i n  t h e  f l u i d i z e d  bed. 
Our s t u d i e s  i n d i c a t e  t h a t ,  f o r  t h e  runs with t h e  same je t  nozz le  d iameter  and j e t  
a i r  v e l o c i t y  and approximate ly  t h e  same p a r t i c l e - s i z e  d i s t r i b u t i o n ,  8%' has 
approximately t h e  same va lue .  

R e s u l t s  and Discuss ion .  The va lues  of ko were c a l c u l a t e d  f o r  d i f f e r e n t  j e t  
and f l u i d i z i n g  a i r  tempera tures  a t  cons tan t  j e ?  nozzle  d i a m e t e r ,  j e t  and L l u i d i z i n g  
a i r  v e l o c i t i e s ,  and feed  p a r t i c l e - s i z e  d i s t r i b u t i o n  u s i n g  Equat ion 26 w i t h  t h e  v a l u e  
of 8-E' s e t  equal  t o  1.35 x lo-'. 
of ko 
f o r  tRe run conducted a t  t h e  j e t  a i r  t empera ture  of 144.4"C and f l u i d i z i n g  a i r  
temperature  of 115.7°C. The va lues  of k c a l c u l a t e d  f o r  o t h e r  j e t  t empera tures  a r e  
shown i n  Table  2 which a g r e e  wel l  with tgg va lues  from t h e  exper imenta l  d a t a .  
p r e d i c t e d  va lues  of  k 
cons tan t  j e t  temperat:!e compare reasonably w e l l  with t h e  exper imenta l  va lues  (Table  

This value of 8'E2 was chosen so t h a t  t h e  v a l u e  
eva lua ted  from e x p e r i m e n t a l  d a t a  agreed w i t h  t h a t  c a l c u l a t e d  from t h e  model, 

The 
f o r  d i f f e r e n t  f l u i d i z i n g  a i r  t empera tures  whi le  main ta in ing  

3) .  

Ta'"io 2 .  -..- -" ------- ......- - i n o  r tau i l r iw  VALUED OF ic ni DiFFERERT >ET TiGnPERATiikES 
AND A F L U I D I Z I N G  A I R  TE8ERATURE OF 115.7"C 

J e t  Temp, 'C- 144.4 143.3 142.8 142.2 

kop From Model 1.78 X lo-' 1.20 X IO-' 0.89 X lo-' 0.63 X lo-' 

From 
kg&pe rimen t 1.78 x 10-9 1.20 x 10-9 0.90 x 0.45 x 10-9 

Table  3. THE PREDICTED VALUES OF ko AT DIFFERENT FLUIDIZING 
AIR TEMPERATURES AND A JET T E M ~ R A T U R E  OF 144.4"C 

F l u i d i z i n g  A i r  
Temp, OC- _____ 115.7 104.6 93.5 - 82.3 - 

kop From Model 1.78 X IO-' 1.15 X lo-' 0.68 X 0.54 X IO-' 

kop From 
Experiment 1.78 x 10-9 
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APPENDIX 

R e l a t i v e  K i n e t i c  Energy of C o l l i d i n g  P a r t i c l e s  

The compression a c t i o n  between t h e  two c o l l i n e a r - c o l l i d i n g  p a r t i c l e s  w i l l  keep 
on u n t i l  t h e  r e l a t i v e  v e l o c i t y  between t h e s e  two p a r t i c l e s  is zero.  A t  t h i s  p o i n t ,  
t h e  deformation is  a t  t h e  maximum, a s  is  t h e  c o n t a c t  a r e a  between t h e  two 
p a r t i c l e s .  However, t h e  sum of the  k i n e t i c  e n e r g i e s  of t h e  two p a r t i c l e s  reaches  a 
minimum. T h i s  can be proved us ing  t h e  momentum ba lances  f o r  t h e  c o l l i n e a r - c o l l i d i n g  
p a r t i c l e s .  The d i f f e r e n c e  between t h e  sum of t h e  k i n e t i c  e n e r g i e s  of t h e  two 
p a r t i c l e s  before  c o l l i s i o n  and t h a t  of t h e  two p a r t i c l e s  a t  maximum deformat ion  can 
be der ived  us ing  the  fo l lowing  assumptions.  Assume t h a t  t h e  v e l o c i t i e s  of two 
p a r t i c l e s  before  c o l l i s i o n  w i t h  mas8 m l  and m2 a r e  v1 and v2, r e s p e c t i v e l y .  
v2 a r e  c o l l i n e a r . )  
have t h e  same v e l o c i t y ,  v ' .  The momentum balance may be w r i t t e n  as: 

( v l  and 
I f  t h e  maximum deformat ion  i s  achieved ,  t h e s e  two p a r t i c l e s  w i l l  

m l  v l  + m2 v2 = ( m l  + m2) v '  

The d i f f e r e n c e  of t h e  k i n e t i c  e n e r g i e s  i n  t h e s e  two s t a t e s  is:  

P o t e n t i a l  For  Energy D i s s i p a t i o n  i n  P a r t i c l e s  

The p o t e n t i a l  d i s s i p a t i o n  c a p a b i l i t y  is  a s s o c i a t e d  w i t h  the  v iscous  d i s s i p a t i o n  
of molten m a t e r i a l  on t h e  s u r f a c e s  of t h e  c o l l i d i n g  p a r t i c l e s .  The molten m a t e r i a l  
is  caused t o  flow r e l a t i v e  t o  t h e  s u r f a c e  mainly by t h e  sudden p a r t i c l e  v e l o c i t y  
change and t h e  compression a c t i o n  between p a r t i c l e s  d u r i n g  c o l l i s i o n  and, t o  a much 
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smal le r  degree ,  by t h e  ac t io f l  of s u r f a c e  t ens ion .  
t he  molten l a y e r  is approximated by t he  v i scous  f l u i d  ( t h e  c reep ing  f low)  over t h e  
s p h e r i c a l  p a r t i c l e s .  Thus ,  t h e  drag  f o r c e  exe r t ed  on t h e  p a r t i c l e s  is c a l c u l a t e d  
from the  fo l lowing  e q u a t i o n s  (9). 

A s  a f i r s t  e s t i m a t e ,  t he  flow Of 

where Fn and Ft are t h e  summations of t h e  p r o j e c t i o n s  of normal and t a n g e n t i a l  
fo rces  e x e r t i n g  on hard-core s u r f a c e  in t h e  d i r e c t i o n  oppos i t e  t o  t h e  p a r t i c l e  f low 
d i r e c t i o n .  V is the  c h a r a c t e r i s t i c  v e l o c i t y  of t he  mel ted  l a y e r  r e l a t i v e  t o  the  
p a r t i c l e  hard co re .  p L  is t h e  v i s c o s i t y  of t he  melted m a t e r i a l .  

I f  the  th i cknesses  of t h e  melted l a y e r s  a r e  61 and €5, r e s p e c t i v e l y ,  t he  energy 
d i s s i p a t e d  due t o  v i scous  f low can be approximated as t h e  product  of f o r c e  e x e r t e d  
on t h e  p a r t i c l e  hard  c o r e  and t h e  r e l a t i v e  d i s t a n c e  t r a v e l e d  between them. 

61 + 62 2 
P o t e n t i a l  D i s s ipa t ion  C a p a b i l i t y  = (Fn + Ft)  x (61 + 6,) = 6ap v (----I 9. 2 

It is f u r t h e r  assumed t h a t  v is equa l  t o  t h e  ha l f  of t h e  r e l a t i v e  v e l o c i t y  I vl - v2 1 beEore p a r t i c l e  c o l l i s i o n ;  t hus :  

P o t e n t i a l  D i s s ipa t ion  C a p a b i l i t y  = 3 n p Q  I v l  - vp 
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Numerical Study of Coal Dust Explosions in Spherical Vessels 

G .  Continillo" 

School of Engineering 
University of California, Irvine 

Irvine, California 92717 

The unsteady flame propagation through a coal dust-air suspension in a 
spherical enclosure is studied by means of a one-dimensional, spherically- 
symmetric mathematical model. 
phase mass continuity, species and energy balance equations, while a Lagrangian 
formulation is employed for the mass, energy and momentum balance equations for 
the particles. 
but varies in time. 
simple coal particle submodel, in which a single-step devolatilization reaction 
with Arrhenius-type kinetics and quasi-steady heat, mass and momentum transfer 
to/from the particles is considered. Coal dust-air flame propagation could be 
predicted on the basis of devolatilization and homogeneous combustion reaction 
only. The model can represent a useful framework for the development and 
validation of particle-scale models, to be implemented in more complex coal 
combustion situations. 

An Eulerian formulation is adopted for the gas 

The pressure is assumed to be uniform in space (low Mach number) 
Preliminary calculations have been performed with a very 

INTRODUCTION 

The occurrence of dust explosions can be reconducted to the ability of a 

To study the behavior of such systems is a difficult task due to the complex 
dust suspension to be ignited and to sustain a flame front propagating through 
it. 
chemical and transport phenomena involved both in accidental explosions and in 
the controlled combustion of pulverized fuels. 
explosions reveals substantial disagreement between the experimental results of 
the various authors, as pointed out by Hertzberg et al. (1). No comprehensive 
theory is available to explain the phenomenon and arguments are still being made 
about which is the dominant mechanism. In fact, the flame propagation through a 
flammable dust cloud can be predicted on the basis of different and even mutually 
excluding simplified models. F o r  example, Essenhigh and Csaba (2) presented a 
model of coal dust flame propagation based on the incoming radiating heat from 
the walls to the particles, neglecting any other form of heat transfer and even 
the contribution of the combustion reaction. On the other hand, Smoot ( 3 )  
proposed a coal dust flame model in which the conductive heat transfer is assumed 
to be the dominant mechanism. However, the experimental situations are still too 
complicated to be modelled in full detail, thus making quantitative comparison 
between experiment and theory almost impossible. The ignition and flame 
propagation in a cold dust suspension requires heat to be transferred from the 
burning mixture to the neighboring fresh mixture. Mitsui and Tanaka ( 4 )  modelled 
the propagation of a flame in an idealized cloud of particles. The ignition of a 
particle was assumed to take place at the surface, by etherogeneous combustion, 
as in Cassel and Liebman ( 5 ) .  Once ignited, an envelope flame was assumed to 
establish, due to the devolatilization, at a certain somewhat arbitrary distance 
from the surface and with a certain assigned flame temperature; then the unsteady 
spherically symmetric heat conduction equation was solved to calculate the 
temperature in the gas phase surrounding the burning particle. Flame propagation 
was stated to be possible when the temperature at the location of the adjacent 
particle reached the ignition temperature before than the envelope flame 

A look at the literature on dust 

* On leave from: Istituto Ricerche sulla Combustione, Consiglio Nazionale 
delle Ricerche, Naples, Italy 
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extinguished for the volatile fuel Consumption of the first particle. This 
idealized situation is still amenable of analytical treatment; particle-air 
relative motion, density and pressure variation, unsteady particle heat up and 
pyrolysis cannot be introduced without making the analytical solution impossible. 

When a numerical solution is considered, the model can be complicated almost 
unlimitedly. The literature shows that the tendency has been either to refine 
the model for a single particle, with a very idealized environmental situation 
(for example Kansa and Perlee (6)) or to study very complicated flow situations 
like industrial burners, as in the works reviewed by Smoot (7). 
approaches do not offer a direct contribution to the understanding of the 
dominant mechanisms of flame propagation in dust explosions, the first because of 
the poor OK non-existing consideration of the particle-gas and particle-particle 
interactions, the second because of the impossibility of giving a close 
description of the particle scale phenomena at the same time of describing large 
scale, complicated flow and heat transfer patterns. 

parameters are not too many, and fairly controllable, with a simple geometry and 
flow field, so that more computational efforts can be devoted to the microscale 
phenomena. The problem is meant to be still representative of a conceivable 
practical situation, like the deflagration in a spherical enclosure. The 
framework is presented in this paper, and preliminary calculations, with the 
inclusion of a simplified model for the unsteady particle heat-up and pyrolysis, 
are performed. Some of the results are shown and discussed, and further 
developments are indicated in the foregoing. 

Both these 

Aim of the present work is to identify a model problem in which the 

MATHEMATICAL FORMULATION 

Gas Phase Model. The gas phase model is essentially that of Reference ( a ) ,  
i n  which liquid spray flames were investigated. 
BTP- as&. 5.z flou is one-dhansionai, unsready, iaminar, spherically 
symmetric. 
constant along the space coordinate (low Mach number), but varies in time due to 
the confinement in the vessel. Binary 
diffusion coefficients for each pair of species are taken to be equal, thermal 
mass diffusion is neglected. Mass diffusion and heat conduction are governed by 
Fick's and Fourier's law, respectively. The diffusion coefficient is assumed to 
vary with temperature and pressure (pD - p - constant). The Lewis number is 
unity. Radiative heat transfer is neglectgd. The combustion chemistry is 
described by means of a single-step, irreversible reaction of the volatiles with 
the oxygen; Arrhenius-type kinetics with non-unity exponents for fuel and oxygen 
concentrations, as proposed by Westbrook and Dryer ( 9 ) ,  is included. The 
equations include coupling terms accounting for mass, momentum and energy 
exchanges between the two phases. 

nondimensionalized with respect to their initial values, except that for t e 

uc - Do/R, where r is the space coordinate, R is the radius og the enclosure, t 
is the time coordinate, Do is the diffusion coefficient at a reference 
temperature, u is the gas velocity; furtherm re, the nondimensional number 
density of the (k)th particle group \ - r$R , the nondimensional heat of 
combustioq Q - Q'/C oTo and mass production rate for the (i)th species 

inltiai temp8rgture and pressure, andothe following nondimensional equations are 
derived. 

The following main assumptions 

The viscous dissipation rate is negligible and the pressure is 

The gas mixture is thermally perfect. 

The dimensional unknown quantities and the variable physical parameters are 

velocity. The following reference quantities are defined: r - R; tC - R 8 /Do; 

El 

w - w'(R / p  D ) ar& defined, where p is the gas density evaluated at the 



Continuity: 

where % is the mass devolatilization rate of the (k)th particle group, N is the 
total number of particle groups. 

Species : 

where Y is the (j)th species mass fraction, 6 is the Kroneker delta, and the 
subscrijt F stays for "vapor fuel." 

Energy : 

with 

where p is the pressure, C is the specific heat at constant pressure, T is the 
temperature, the subscript'p stays for "particle", and qk is the heat flux coming 
from one particle belonging to the (k)th group (usually negative), whose 
expression will be given later. 

Ideal gas state equation: 

Velocity (integrating Eq. 

u -  

Pressure (integrating Eq. 

P - PT 
1 over r2dr) is given by: 

1 over r2dr between 0 and R) is given by: 

The initial and boundary conditions for the gas phase are: 

Yj(r,O) - Yjo ; u (r,O) - 0 ; 4 (r,O) - 1 ; p (0) - 1 

Particle Model. In the calculations presented in this paper, the transient 
behavior of a particle is described by means of an extremely simplified model. 
The coal particle is represented by a sphere of solid material (ashes and fixed 
carbon) and volatiles in a specified initial partition. The particle is 
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considered to remain spherical and conserve its volume. 
considered uniform in the particle and on the particle surface. 
Hubbard et al. (lo), the transport processes next to the particle (in the "film") 
are assumed to be quasi-steady, and the thermophysical properties of the air-fuel 
vapor mixture are assumed uniform and evaluated at a conveniently averaged value 
of the temperature in the film. 
depend on the particle temperature and global composition only. During the 
particle heat-up, the volatiles are released according to a simple one-step 
Arrhenius pyrolysis reaction, as in (6). The surface oxidation reaction is not 
considered, due to the highly transient character of the particle history in this 
kind of phenomena. 
processes in the film: 
immediately available in the gas phase. 
the convective transport caused by the gas-particle relative motion by means of 
correction factors to the spherically symmetric stagnant film situation. 

The temperature is 
Following 

The fuel vapor production rate is assumed to 

This eliminates the need for considering the mass transfer 
all of the volatiles released by the particle are 

The model accounts for the effects of 

The non-dimensional equations for each particle group are: 

Volatiles : 
&V - - -Av exp (-TJT )m 
dt P V  

where % is the mass of volatiles, 4, - A' R2/D is a non dimensional 
preexponential factor, Tv is a non dimensYonal hivation temperature. 

Momentum: 
dv N1 Pm - dt,- a Re CD (u - v) - 

pP 

where v is the particle velocity, Re is the Reynolds number, the subscript m 

stays for "free stream conditions" referring to a particle, a is the radius of 
the particle. 

Energy: 
pm 

dT C 2 - N1 $ Nu (T, - T ) - 
PP pP 

with (12) Nu - 2 + 0 . 6  Pr1I3 13) 

where Pr is the Prandtl number. 
is given by 

The instantaneous position of particle group k 

14) 
drk 
dt 
-P 

The free-stream values of temperature and velocity are those of the gas phase 
model equations, evaluated at the current particle location. Finally, for the 
source terms in Eqs. 1, 2,  and 3, we have: 

&V % - -(pk 
R2 C 

4, - [3 Nu + ,8,%C ] (Tpk - T) 
P PP pPo a 
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where p is the initial density of the particle, and BV - pvo/ppo is the initial 
mass frgetion of volatiles in the particles. 

split. The source terms provided by the particle calculations for the (n)th time 
level are used in the (n -t 1)th time level of the gas phase calculations, after 
proper interpolation, and so forth. Explicit finite difference schemes are 
employed to discretize the PDEs of the gas phase model - except that for the 
chemical production terms, for which a degree of implicitness is introduced - 
since they have been proved to be the most effective in such two-phase problems 
(13). A non-uniform spatial grid is used, with the finest mesh size next to the 
wall. The time step is dynamically changed in order to describe the evolution of 
the system according to the current time scale. 
equations, the calculations are iterated within each time step until the desired 
level of convergence is achieved. 
until desired. 

RESULTS AND DISCUSSION 

For the numerical solution. gas phase and particle calculations are time- 

Due to the coupling of the 

Then the integration in time is continued 

Ignition is achieved by means of a heat source in the energy equation, in a 
spherical region for a limited time and an assigned intensity. 
predicts the particle heat-up, the devolatilization and the ignition of the 
volatiles in the gas phase, and the flame propagates through all the volume. The 
values of the parameters used for the base case are listed in Table I. 

The model 

Table I. 

Values and Expressions Used for the Most Important Physical 
Parameters in the Base Case 

a - 2.5xlO-'m R - 5x10-' m 

- 3x10' K 4r - 1 . ~ 1 0 ~  .-l TO 

cP - 1.01~10~ + 1.95~10.~ (T'-300) J/KgK Tv - 15000/a K 

nGo/ "Po - 0.25 
PO - iX1o5 Pa 
Q - 4.421~10~ J/Kg 

7 - CP/(CP - E) 

pPO 

PO - 1.845~10-~ Kg/ms 

- 1.36~10~ Kg/m3 

Figure 1 shows the computed pressure-time patterns for different particle 
diameters. The predicted final pressure, close to the maximum theoretical 
adiabatic pressure achievable, is much higher than that found in the 
experiments. 
nor for the endothermic dissociation in the burned mixture. 
observed after the maximum, and this accounts for the cooling effect due to the 
residual solid particles. 
always increasing: this is in agreement with predictions of lumped parameter 
models and with results of the experiments for the part in which the heat losses 
are negligible (14). In fact, it has been shown by means of a two-zone, thin 
flame model (14) that the rate of pressure rise can be expressed as 

The reasons are that the model does not account for heat losses, 
A slight decrease is 

During the combustion, the rate of pressure rise is 

dt R CvTu 
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where QR is the hea t  of reaction per un i t  mass o f  gas, Cv is the spec i f ic  heat a t  
constant volume, Tu is the temperature of the unburned mixture, rf is the current 
rad ia l  loca t ion  o f  the  flame, and Su is a flame speed with respect t o  the 
unburned mixture. 
s t ruc ture  is included (and hidden) in the parameter Su, l i ke  the transport  
phenomena, the combustion reaction r a t e ,  the  par t ic le -gas  interactions ( re la t ive  
motion, thermal i n e r t i a  of the condensed phase), the r a t e  of pyrolysis.  A 
distributed-parameters model l i ke  tha t  of the present work is capable of 
resolving the  flame s t ruc ture ,  therefore it allows for  an appreciation of the 
d i f fe ren t  behavior o f  dust suspensions fo r  what a l l  of the parameters i n  Eq. 1 7  
a re  equal, except Su. For example, the influence of the pa r t i c l e  s i ze  is c lear ly  
seen in  Fig. 1, where f i n e r  par t ic les  are shown t o  give r i s e  t o  f a s t e r  flame 
propagation. Figure 2 i l l u s t r a t e s  the influence of another parameter, namely the 
oxygen content of t h e  suspending atmosphere; the  i n i t i a l  so l id  concentration is 
chosen accordingly t o  be s l i gh t ly  more than stoichiometric,  i n  order t o  avoid the 
presence of oxygen in the residual gases together with the residual so l id  
pa r t i c l e s ,  which would require the consideration o f  the solid-gas surface 
oxidation reaction, n o t  included i n  the model a t  present.  
obviously decreases with the  content of reac tan ts ,  since the  t o t a l  amount of heat 
released by the combustion reaction is lower; the duration of the explosion 
increases,  the  system showing a lower overa l l  r eac t iv i ty ,  as expected. 

times fo r  t he  base case.  
pa r t i c l e s  a r e  d i s t r ibu ted  on a spherical  surface: 
represents the  cur ren t  rad ia l  location, while the ordinate corresponds to  the 
pa r t i c l e  temperature, i n  the same sca le  as  tha t  of the gas temperature. The 
radius of the  in t e rna l  f i l l e d  c i r c l e  is proportional t o  the remaining f rac t ion  of 
vo la t i l e s .  The ign i t ion  zone is  rapidly heated t o  about 1500 K, while the 
pa r t i c l e s  remain a t  a temperature close to  the i n i t i a l .  The heat provided by the 
igrlition source is conducted towards the  outer region, and t o  the pa r t i c l e s  in 
the ignit ion region, u n t i l  they begin t o  pyrolize. Note t h a t  the pa r t i c l e s  have 
a tendency t o  spread out ,  due t o  the motion impressed by the expanding gas during 
the ignit ion energy supply. This causes a loca l  decrease of the volumetric 
concentration o f  dus t ,  bu t  the gas concentration has ,  of course, become even 
lower due t o  thermal expansion, therefore the overa l l  e f f e c t  is t ha t  of the 
generation of a l oca l ly  fue l - r i ch  region. 
su f f i c i en t ,  individual flames s e t  up a t  the location of the pa r t i c l e s ,  where the 
oxygen is seen t o  be  consumed, and peaks i n  the temperature p ro f i l e s  appear. 
During the  propagation of the  flame, it is seen t h a t  the vapor fue l  is present i n  
the burned region only,  meaning tha t  it reacts a s  soon as  it is generated. In 
f a c t  the gas temperature is much higher than t h a t  of the  pa r t i c l e s  when they 
begin to  pyrolyze, up t o  the point t ha t  the combustion reaction is much fa s t e r  
than the pyrolysis,  notwithstanding the much higher activation energy and the low 
concentration of the f u e l  vapor. Therefore, the l imi t ing  stage i s  the pyrolysis 
i n  t h i s  case. 
the i n i t i a l l y  uniform, s l i gh t ly  richer than stoichiometric,  equivalence r a t io .  
More precisely,  a t  the  beginning the gas ve loc i ty  is mainly directed towards the 
wall ,  and the particles, due t o  t he i r  kinematic i n e r t i a ,  do not follow the gas 
w i t h  the same veloc i ty ,  thus creating a loca l ly  r icher  mixture i n  the center.  
The system is closed, thus a locally lean mixture is being generated i n  the zones 
encountered by the  flame going towards the wall .  
wall ,  the gas ve loc i ty  is mainly directed towards the  center ,  while the par t ic les  
are still moving towards the wall ,  and t h i s  generates a loca l ly  r i ch  mixture next 
t o  the  w a l l .  
d i s t r ibu t ion  is found a t  the end of the propagation. 

For Equation 17 a l l  the information connected with the flame 

The maximum pressure 

Figure 3 represents the spa t i a l  p ro f i l e s  of the  main variables a t  successive 
Each c i r c l e  represents one pa r t i c l e  group, whose 

the abscissa of each one 

When the  vapor fue l  released is 

The r e l a t ive  motion of the  two phases generates a deviation from 

When the flame approaches the 

AS a r e s u l t  of the phenomenon, an uneven residual fue l  vapor 

CONCLUSIONS 

A model problem f o r  ign i t ion  and unsteady flame propagation in  a coal dust- 
a i r  suspension has been identified.  The simple geometry and flow f i e l d  allow fo r  
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more details to be included in the modelling of the microscale phenomena. The 
problem can be considered still representative of a practical situation like a 
deflagration in a spherical enclosure. 
simplified model for the unsteady particle heat-up and pyrolysis have been 
presented and discussed, and qualitative agreement with experimental evidence and 
simpler theoretical approaches has been found. 
has been predicted on the basis of devolatilization and homogeneous combustion 
reaction only, although the range of variation of some parameters is currently 
limited by the approximations made in the simplified coal particle model. 
been demonstrated that the model can represent a useful framework for the 
development and validation of much more detailed particle-scale models, to be 
implemented in more complex coal combustion situations. 
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ABSTRACT 

Coal and coa l -de r ived  l i q u i d s  and gases  c o n s t i t u t e  an economica l ly  a t t r a c t i v e  a l t e r -  
n a t i v e  energy source  t o  l i q u i d  pe t ro leum f u e l s .  Ongoing r e sea rch  programs a t  DOE- 
METC a r e  c u r r e n t l y  examining t h e  p o t e n t i a l  of inexpens ive  p roduc t ion  of  c l ean  l i q u i d  
and s o l i d  f u e l s  from c o a l  by mi ld  g a s i f i c a t i o n ,  and of  gaseous f u e l s  by countercur -  
r e n t  p r e s s u r i z e d  f ixed-bed  g a s i f i c a t i o n .  The s imul taneous  r e l e a s e  of gaseous s u l f u r  
s p e c i e s  ( H p S ,  COS, S o p ,  SO,) i s  a n  i n h e r e n t  envi ronmenta l  l i m i t a t i o n  t o  a l a r g e - s c a l e  
p r a c t i c a l  a p p l i c a t i o n  o f  t h e s e  p rocesses .  A computa t iona l  technique  t o  e s t i m a t e  t h e  
r e l e a s e  o f  s u l f u r  from c o a l  and subsequent  cap tu re  by calcium-based so rben t s  i s  
presented  h e r e ,  where bo th  p rocesses  a r e  assumed t o  proceed t o  equ i l ib r ium under 
d e v o l a t i l i z a t i o n ,  g a s i f i c a t i o n  ( r educ ing) ,  and combustion (ox id iz ing )  c o n d i t i o n s .  
A f ree-energy  min imiza t ion  computer program (PACKAGE) i s  used he re  t o  s imula t e  l o c a l  
thermochemical e q u i l i b r i a  i n  t h e s e  r e a c t i v e  atmospheres.  P r e d i c t e d  p a r t i a l  p r e s s u r e s  
of  s u l f u r  s p e c i e s  a r e  compared wi th  exper imenta l  d a t a  on s u l f u r  r e l e a s e  and s o r p t i o n ,  
and conc ius ions  a r e  drawn rega rd ing  che u s e f u i n e s s  and l i m i t a t i o n s  of an equ i l ib r ium 
approach t o  modeling t h e s e  p rocesses .  

1. INTRODUCTION 

Coal u se  f o r  e l e c t r i c  power gene ra t ion  has  inc reased  i n  the  p a s t  decade ,  and coa l  u s e  
f o r  p ropu l s ion  i s  a d i s t i n c t  p o s s i b i l i t y  i n  t h e  nea r  f u t u r e ;  however, t h e  economic 
convers ion  of  c o a l  t o  c l e a n  f u e l s  s t i l l  remains a cons ide rab le  t echno log ica l  cha l -  
l enge .  Coal p y r o l y s i s  i s  perhaps  t h e  o l d e s t  t echnique  f o r  t he  d e r i v a t i o n  of  hydro- 
carbon f u e l s  from c o a l .  I n  a l l  c o a l  convers ion  and u t i l i z a t i o n  p rocesses  ( inc lud ing  
g a s i f i c a t i o n ,  combust ion ,  and l i q u e f a c t i o n ) ,  some form o f  c o a l  p y r o l y s i s  occur s .  
G a s i f i c a t i o n  is  c l o s e l y  r e l a t e d  t o  p y r o l y s i s  i n  t h a t  when c o a l  is  g a s i f i e d  by r e a c t -  
i n g  it a t  h igh  tempera ture  wi th  steam and a i r ,  p y r o l y s i s  i s  t h e  f i r s t  s t a g e  of t h e  
r e a c t i o n  a s  t he  c o a l  i s  hea ted  t o  r e a c t i o n  tempera ture .  S i m i l a r l y ,  p y r o l y s i s  occur s  
a t  t h e  f i r s t  s t a g e  of combustion and i n  l i q u e f a c t i o n  because of t h e  h igh  tempera- 
t u r e s  employed when s o l v e n t s  a r e  r eac t ed  wi th  t h e  c o a l .  

1.1 Coal D e v o l a t i l i z a t i o n :  Curren t  S t a t u s  of Modeling E f f o r t s  

The need t o  unders tand  d e v o l a t i l i z a t i o n  r e a c t i o n  chemis t ry  i s  obvious from t h e  above 
d i s c u s s i o n .  Khan (1)  has  desc r ibed  t h e  expe r imen ta l  p rocedure  used t o  g e n e r a t e  c o a l  
p y r o l y s i s  l i q u i d s ,  g a s e s ,  and s o l i d s  i n  t h e  METC Slow Hea t ing  Rate  Organic D e v o l a t i l -  
i z a t i o n  Reac tor  (SHRODR). This  u n i t  s i m u l a t e s ,  t o  an  e x t e n t ,  t h e  h e a t i n g  r a t e s  and  
r e s idence  t imes  of  t h e  d e v o l a t i l i z a t i o n  zone of a fixed-bed g a s i f i e r .  I n  t h i s  500 m l  
f ixed-bed r e a c t o r ,  100 grams of  c o a l  ( p a r t i c l e  s i z e  -8 by +lo0  mesh) were hea ted  t o  
5OOOC i n  40 minutes  and main ta ined  a t  t h a t  t empera ture  f o r  1 hour .  Two h i g h - v o l a t i l e  
c o a l s ,  P i t t s b u r g h  No. 8 ( con ta in ing  2 weight p e r c e n t  s u l f u r )  and I l l i n o i s  No. 6 ,  were 
t e s t e d .  A s u l f u r  s o r b e n t ,  CaO, was added t o  t h e  c o a l s  by d i r e c t  mixing of  t h e  
components. Product  g a s e s  were c o l l e c t e d  and ana lyzed  us ing  gas  chromatographs.  
R e s u l t s  demonst ra ted  t h a t  t h e  presence  of l i m e  s i g n i f i c a n t l y  reduced t h e  y i e l d  of  
H2S. T o t a l  gas  y i e l d  remained a lmost  unchanged, and t h e  y i e l d  o f  (C,-C,) hydrocarbon 
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gases  and hydrogen inc reased  s i g n i f i c a n t l y .  Grea te r  s u l f u r  cap tu re  was seen  wi th  
sma l l e r  CaO p a r t i c l e s  and a t  h igher  p y r o l y s i s  t empera tu res .  

T y p i c a l l y ,  c o r r e l a t i o n  t echn iques  ( e . g .  [ 2 , 3 ] )  a r e  u t i l i z e d  t o  p r e d i c t  p roduc t  y i e l d  
and composition du r ing  c o a l  d e v o l a t i l i z a t i o n .  K i n e t i c  schemes proposed t o  r e p r e s e n t  
t h e  mechanism of c o a l  p y r o l y s i s  range from two independent  p a r a l l e l  r e a c t i o n s  (4)  t o  
42 r e a c t i o n s  of 14 d i f f e r e n t  f u n c t i o n a l  groups i n  c o a l  ( 5 ) .  Sca ron i ,  e t  a l .  (6), 
have p resen ted  a compromise based on a h i e r a r c h y  of  bond ene rg ie s  i n  t h e  c o a l  s t r u c -  
t u r e .  S e r i o ,  e t  a l .  (7), have reviewed a v a i l a b l e  models t o  d e s c r i b e  t h e  k i n e t i c s  of 
v o l a t i l e  product  e v o l u t i o n  i n  c o a l  p y r o l y s i s .  A l l  t h e s e  approaches s u f f e r  t o  va ry ing  
e x t e n t s  from empiricism. The degree of  c o a l  d e v o l a t i l i z a t i o n  depends on s e v e r a l  
pa rame te r s ,  such a s  c o a l  t ype ,  hea t ing  r a t e ,  t empera tu re ,  p r e s s u r e ,  r e s idence  t i m e  
a t  p y r o l y s i s  tempera ture ,  e t c .  The e x t e n t  of s u l f u r  r e l e a s e  depends on s e v e r a l  add i -  
t i o n a l  v a r i a b l e s ,  such  a s  t h e  form of s u l f u r  i n  t h e  c o a l  ( i no rgan ic ,  o r g a n i c ) ,  s u l f u r  
t r apped  i n  t h e  p y r o l y s i s  l i q u i d ,  in t imacy of  c o n t a c t  between CaO and t h e  pr imary  
p roduc t s  of d e v o l a t i l i z a t i o n ,  e t c .  Given t h e  u n c e r t a i n t i e s  t h a t  u n f o r t u n a t e l y  
d e t r a c t  from any e f f o r t  t o  desc r ibe  t h e  k i n e t i c s  of t h e s e  i n d i v i d u a l  p r o c e s s e s ,  a n  
a l t e r n a t i v e  sys t ema t i c  y e t  t r a c t a b l e  p r e d i c t i v e  procedure  t o  a s s e s s  t h e  p roduc t s  of 
t h e  b a s i c  d e v o l a t i l i z a t i o n  r e a c t i o n  would be of immediate use .  

1 . 2  Coal G a s i f i c a t i o n :  Curren t  S t a t u s  of  Modeling E f f o r t s  

The a t t r a c t i v e n e s s  of  such an i n t e r i m  approach i s  r e in fo rced  by t h e  accumula t ing  
s u l f u r - s o r p t i o n  da ta  from t h e  METC fixed-bed g a s i f i e r ,  which s t i l l  awai t  fundamental  
a n a l y s i s .  A coun te rcu r ren t  f ixed-bed g a s i f i e r  c o n s i s t s  of fou r  ove r l app ing  zones  
(13); Figure  1 ) .  A t  t h e  top  of t he  g a s i f i e r ,  t h e  c o a l  i s  d r i e d  and p rehea ted  by t h e  
e x i t i n g  ho t  p roduc t  gases .  I n  t h e  second zone ,  t h e  c o a l  is  d e v o l a t i l i z e d  and g a s e s  
and t a r s  a r e  r e l eased .  I n  t h e  g a s i f i c a t i o n  zone ,  endothermic  r e a c t i o n s  occur  forming 
carbon monoxide, carbon d iox ide ,  wa te r ,  hydrogen, and methane. Combustion of c o a l  
and oxygen occur s  i n  t h e  combustion zone, r e l e a s i n g  h e a t  t o  suppor t  t h e  g a s i f i c a t i o n  
r e a c t i o n s .  Dry o r  molten a sh  w i l l  form i n  t h i s  zone depending on t h e  maximum combus- 
t i o n  tempera ture .  The e f f e c t s  of  p r e s s u r e ,  ca l c ium/su l fu r  r a t i o ,  and c o a l  and l ime- 
s t o n e  f eeds tock  on s u l f u r  removal e f f i c i e n c y  have been i n v e s t i g a t e d  i n  a series of  
runs  on t h e  METC f ixed-bed  g a s i f i e r .  P re l imina ry  r e s u l t s  i n d i c a t e  t h a t  s u l f u r  cap- 
t u r e  dec reases  a s  p r e s s u r e  i n c r e a s e s ,  and t h a t  r e c y c l e  o f  r egene ra t ion  gases  t o  t h e  
g a s i f i e r  may he r equ i r ed  t o  ob ta in  s i g n i f i c a n t  s u l f u r  cap tu re  a t  h ighe r  p r e s s u r e s .  

Seve ra l  computer models ( e .g .  [3 ,8 ,9 ,10 ,11 ] )  have been developed t o  s imula t e  t h e  
chemical and phys ica l  p rocesses  t h a t  occur  du r ing  s t e a d y - s t a t e  g a s i f i c a t i o n  and h o t  
gas  c leanup.  I n  t h e s e  models,  t y p i c a l l y ,  carbon o u t l e t  f low and o u t l e t  gas  composi- 
t i o n  and f low r a t e  a r e  p r e d i c t e d ,  b u t  s u l f u r  chemis t ry  and t h e  e f f e c t s  of a d d i t i v e s  
a r e  n o t  i nc luded  i n  t h e  c a l c u l a t i o n s .  I n  a d d i t i o n ,  t h e  f i n i t e  chemical k i n e t i c  r a t e  
expres s ions  used by t h e s e  models r e q u i r e  a knowledge of t h e  a p p r o p r i a t e  a c t i v a t i o n  
e n e r g i e s  and r a t e  cons t an t  c o e f f i c i e n t s  f o r  va r ious  c o a l  t ypes .  To o b t a i n  a s u f f i -  
c i e n t l y  comprehensive r e l i a b l e  da t a  base  i s  thus  a Herculean t a s k .  This  problem can  
b e  circumvented t o  a c e r t a i n  e x t e n t  by assuming t h a t  a l l  chemical r e a c t i o n s  proceed  
t o  equ i l ib r ium,  b u t  t h i s  would s t i l l  r e q u i r e  t h a t  t h e  i n d i v i d u a l  equ i l ib r ium r a t e  
c o n s t a n t s  be s p e c i f i e d .  The f ree-energy  minimiza t ion  procedure  developed by White, 
e t  a l .  (121, i s  a numer ica l ly  a t t r a c t i v e  a l t e r n a t i v e  s i n c e  it s p e c i f i e s  no r e a c t i o n  
p a t h s  and h a s  been used t o  perform t h e  e q u i l i b r i u m  thermodynamic c a l c u l a t i o n s  p re -  
s en ted  i n  t h i s  r e p o r t .  

1.3 Modeling Sulfur-Lime Reac t ion  Kine t i c s :  Uncer ta in  E f f e c t  of Pore  S t r u c t u r e  

The equ i l ib r ium approach i s  a l s o  n e c e s s i t a t e d  by t h e  l a c k  ( p a r t i c u l a r l y  i n  a f ixed -  
bed environment) of  a sys t ema t i c  procedure f o r  t h e  d e s c r i p t i o n  of t h e  h igh -p res su re  
s o r p t i v e  c a p a c i t y  f o r  SO2 ( o r  H2S) removal of a g iven  l imes tone  ( o r  do lomi te)  s t a r t -  
i n g  from b a s i c  phys i ca l  p r i n c i p l e s  and expe r imen ta l  i n fo rma t ion .  The e f f e c t  of t h e  
i n i t i a l  po re  s t r u c t u r e  of  t h e  so rben t ,  s t r u c t u r a l  changes du r ing  t h e  c a l c i n a t i o n  



p r o c e s s ,  accumula t ion  of a s u r f a c e  cha r  l a y e r  on t h e  so rben t  p a r t i c l e s  i n  t h e i r  
t r a n s i t  th rough the  ( low- tempera ture)  d e v o l a t i l i z a t i o n  and g a s i f i c a t i o n  zones i n  a 
g a s i f i e r  column a r e  among t h e  phenomena t h a t  few of t h e  p r e s e n t l y  a v a i l a b l e  k i n e t i c  
models i nco rpora t e .  I d e a l l y ,  p r e s e n t l y  a v a i l a b l e  k i n e t i c  codes (13 ,14)  should be  
developed t o  t h e  p o i n t  where they  can d e s c r i b e  t h e s e  phenomena q u a n t i t a t i v e l y ;  b u t  
i n  view o f  t h e  t i m e  and e f f o r t  t h a t  would invo lve ,  a n  i n t e r i m  procedure  t h a t  is 
i n s e n s i t i v e  t o  t h e s e  mic roscop ic - l eve l  d e t a i l s  c o n s t i t u t e s  a f e a s i b l e  a l t e r n a t i v e .  

These cons ide ra t ions  have l e d  t o  t h e  conclus ion  t h a t  a sys t ema t i c  approach t o  
desc r ib ing  s u l f u r  r e l e a s e  and s o r p t i o n  p rocesses  i n  c o a l  convers ion  a p p l i c a t i o n s  is 
needed a t  t h i s  s t a g e ,  even  i f  t h e  approach can  only  y i e l d  ( i n f i n i t e - r a t e )  " l imi t ing"  
informat ion  on s u l f u r  r e l e a s e ,  s u l f u r  removal,  and lime u t i l i z a t i o n .  While t h e  use- 
f u l n e s s  of t h e  p r e s e n t  l o c a l  thermodynamic equ i l ib r ium approach would doub t l e s s  be  
enhanced by  i n t e r f a c i n g  it w i t h  t h e  o v e r a l l  m a t e r i a l  ba l ance  f o r  any s p e c i f i c  c o a l  
convers ion  a p p l i c a t i o n ,  t h e  advancement of unders tanding  a t t a i n e d  wi th  the  p r e s e n t  
p re l imina ry  scheme i s  s t i l l  cons ide rab le .  I n  subsequent  s e c t i o n s  t h e  fundamentals 
of t h e  chemica l -equi l ibr ium a lgo r i thm used he re  a r e  desc r ibed ,  i t s  a b i l i t y  t o  d e a l  
w i th  the  complex chemis t ry  of c o a l  convers ion  p roduc t  mixtures  demonst ra ted ,  and its 
v a l i d i t y  eva lua ted  by comparing p r e d i c t e d  and measured g a s / s o l i d / l i q u i d  phase com- 
p o s i t i o n s  i n  l i m e - t r e a t e d  c o a l  p rocess  s t r eams .  

2 .  THE COMPLEX CHEMICAL EQUILIBRIUM APPROACH: METHODOLOGY 

Product  gas ,  l i q u i d ,  and s o l i d  phase  composi t ions  a r e  e s t ima ted  h e r e  us ing  a n  
equilibrium-thermodynamic computer program on t h e  premise  t h a t  t h e  s p e c i e s  d i s t r i b u -  
t i o n  p red ic t ed  by a f r ee -ene rgy  minimiza t ion  a lgo r i thm i s  t h e  one l i k e l y  t o  p r e v a i l .  

energy minimiza t ion  t o  f o s s i l  f u e l  g a s i f i c a t i o n  p rocesses  t o  p r e d i c t  t h e  e f f e c t  o f  
ope ra t ing  v a r i a b l e s  on t h e  composition of t h e  product  gas  ( i n  t h e  absence of a s u l f u r  
s o r b e n t ) .  This  approach  enab le s  t h e  e s t i m a t i o n  of  t h e  p a r t i a l - p r e s s u r e  d i s t r i b u t i o n  
of all su l fu r -bea r ing  s p e c i e s  i n  the  gas ,  a s  w e l l  a s  t h e  mole f r a c t i o n s  of t h e  
su l fu r - con ta in ing  s p e c i e s  i n  t h e  s o l i d  and l i q u i d  phases ;  t he  a n a l y s i s  i s  t hus  n o t  
l i m i t e d  t o  a few u s e r - s p e c i f i e d  r e a c t i o n s  and p roduc t s .  The u t i l i t y  of  t h i s  method 
i s  l i m i t e d  on ly  by t h e  a v a i l a b l e  thermodynamic d a t a  base  and i t s  assumption of i d e a l  
s o l u t i o n  phases .  Due t o  t h e  demonstrable e f f i c i e n c y  of  t h e  PACKAGE computer code 
(16) i n  modeling complex phase e q u i l i b r i a  i n  c o a l  convers ion  gas  s t reams and c leanup 
d e v i c e s ,  t h e  PACKAGE program has  been used t o  perform the  equ i l ib r ium thermodynamic 
computations p re sen ted  he re .  Inpu t  t o  t h i s  program c o n s i s t s  o f  e l emen ta l  composi- 
t i o n s  of t h e  r e a c t a n t  s t r eams ,  r e l a t i v e  mass f low r a t e s  o f  t h e  r e a c t a n t  s t reams 
( e . g . ,  t he  f u e l / a i r  r a t i o  i n  a combustion c a s e ,  [ coa l+ l ime] / [ a i r+s t eam]  i n  a g a s i f i -  
c a t i o n  s i t u a t i o n ) ,  p r e s s u r e s ,  and tempera tures  of  i n t e r e s t .  I n  t h e  case  of c o a l  
d e v o l a t i l i z a t i o n ,  c o a l  composi t ion ,  d e v o l a t i l i z a t i o n  t empera tu re ,  and p r e s s u r e  would 
c o n s t i t u t e  t h e  i n p u t  parameters .  Output from t h e  PACKAGE program t y p i c a l l y  c o n s i s t s  
of phase f r a c t i o n s  and s p e c i e s  mole f r a c t i o n s  w i t h i n  each  phase  a s  a func t ion  o f  
tempera ture .  The r e s u l t s  of  e x e r c i s i n g  the  PACKAGE programs under cond i t ions  repre-  
s e n t a t i v e  of c o a l  d e v o l a t i l i z a t i o n ,  g a s i f i c a t i o n  and combustion a r e  p re sen ted  i n  t h e  
nex t  s e c t i o n .  

Stirmetr-, e t  31. (I:), hsve pre.. . ious?y 3ppl i -d  t h e  p r i - t i p l e  of  therm3dynamft f r e e -  

3. THE COMPLEX CHEMICAL EQUILIBRIUM APPROACH: FEASIBILITY 

I n  o r d e r  t o  demonst ra te  t h e  s u i t a b i l i t y  of an  equ i l ib r ium approach t o  c h a r a c t e r i z i n g  
c o a l  convers ion  p roduc t  s t r eams ,  i l l u s t r a t i v e  c a l c u l a t i o n s  have been performed over  
a wide range of  o p e r a t i n g  cond i t ions  s imula t ing  c o a l  d e v o l a t i l i z a t i o n ,  g a s i f i c a t i o n ,  
and combustion envi ronments .  The pa rame t r i c  s t u d i e s  p re sen ted  i n  t h i s  s e c t i o n  a r e  
meant t o  c o n s t i t u t e  t h e  o p e r a t i n g  "envelope" f o r  t h e s e  sys tems.  The r e s u l t s  
p re sen ted  h e r e  a r e  most ly  q u a l i t a t i v e  and a r e  in tended  only  t o  show t h e  f e a s i b i l i t y  
of  t h e  approach wi thou t  r e f e r e n c e  t o  q u a n t i t a t i v e  accu racy ;  t h e  l a t t e r  a spec t  w i l l  
be t aken  up i n  t h e  n e x t  s e c t i o n .  



3.1 Devolatilization Products Composition Calculations 

The atmospheric pressure devolatilization calculations presented here pertain to 
slow-heating pyrolysis of Pittsburgh No. 8 coal over a temperature range 600-1200 K. 
In Figures 2 and 3 the effects of temperature on sulfur release and capture during 
coal devolatilization are examined. Figure 2 corresponds to untreated coal, whereas 
Figure 3 displays calculations made for the lime-added case. Under these (fuel-rich) 
conditions, HzS is the dominant sulfur-containing vapor species, with the COS con- 
centration being at least an order of magnitude smaller. Both figures show increas- 
ing sulfur capture with temperature. Calcium and iron originally in the coal can 
capture sulfur to a limited extent, forming CaS and FeS, respectively. Sulfur 
sorption by iron oxide is predicted to be possible at lower temperatures than sorp- 
tion by CaO, due to the fact that the calcination temperature for CaC03 is relatively 
high at atmospheric pressure. Iron and calcium in the coal can recapture close to 
30 percent of the released sulfur at temperatures in excess of 900 K. The effect of 
varying levels of added lime on H2S mole fraction in the gas phase is shown in Fig- 
ure 3 on a semi-logarithmic scale. Clearly, under devolatilization conditions, 
calcium oxide is potentially a very effective sorbent for H2S; indeed, the present 
equilibrium approach can, at best, indicate the maximum sorption potential of any 
additive and enable the evaluation of different sorbents on that basis. 

3.2 Gasification and Combustion Products Composition Calculations 

Figures 4-6 represent equilibrium-thermodynamic calculations performed under gasifi- 
cation conditions. These results simulate the products obtained by reacting together 
varying amounts of coal and moist air at atmospheric pressure, over a temperature 
range 500-1500 K. The liquid and solid phase fractions in the reaction product 
mixture are plotted as a function of temperature and coal/air flow rate ratio in 
Figures 4 and 5, respectively. Sulfur elemental concentration in the product gases 
is plotted against these variables in Figure 6; no distinction has been made in this 
representation of gas-phase sulfur between various sulfur-bearing vapor species (such 
as HzS,  SOz,  SO3, etc.). With increasing temperature the liquids and solids frac- 
tions show a non-monotonic behavior for all fuel/air ratios, while the trend for 
sulfur elemental concentration is very sensitive to the fuelfair parameter. The 
condensed phases comprise principally mineral phases at higher temperatures, and 
sulfates and sulfides at lower temperatures. The program cannot simulate the forma- 
tion of (thermodynamically unstable.) liquid hydrocarbons ("tars"). In the fuel-rich 
case, (S) in the gas decreases slightly with temperature, as in the case of devola- 
tilization; in the fuel-lean case, CaS04(s) will form at temperatures below 700 K, 
providing a significant "sink" for gas-phase sulfur. 

The ability of the PACKAGE program to compute chemical equilibrium compositions under 
coal combustion conditions has been demonstrated in previous work. In the analysis 
of ash deposition on coal-fired gas turbine blades, the prediction of condensed 
liquid ("glue") phase fraction and composition constitutes the first step (17,18). 
In Figures 7 and 8, respectively, PACKAGE-predicted effects of added calcium on 
gaseous SO2 and SO3 are presented. For temperatures greater than about 1300 K 
(depending on the calcium level), added calcium gets bound up in high molecular 
weight vapor and condensed species (e.g., CaA12Si208[s]), and is thus not free to 
react with all the sulfur present. Unbound calcium is still sufficient, however, to 
absorb nearly all of the SO;. 

In this section, it has been shown that the PACKAGE equilibrium-thermodynamic com- 
puter program can estimate the product stream composition in a variety of coal con- 
version applications. It remains to be seen whether any of these equilibrium 
predictions has a basis in reality o r  is strictly of academic value. This concern 
will be addressed in the remainder of this paper. 



4. THE COMPLEX CHEMICAL EQUILIBRIUM APPROACH: VALIDITY 

4.1 Coal Devolatilization AEplications 

In order to assess the applicability of an equilibrium-thermodynamic procedure to 
estimate the coal-devolatilization product gas composition, PACKAGE predictions have 
been compared against in-house SHRODR measurements. Computed and detected molar 
concentrations of the major vapor species released during atmospheric-pressure slow- 
heating pyrolysis of Pittsburgh No. 8 coal are presented in Tables 1 and 2. Pre- 
dicted and observed effects of CaO addition on the composition of devolatilization 
products are shown in Table 1. Results demonstrate that the presence of CaO during 
coal devolatilization significantly reduces the yield of HzS. For  example, for this 
Pittsburgh seam high-volatile coal, the HzS yield was observed to be reduced from 
3.7 volume percent to 0.05 volume percent when 21 weight percent of CaO (Ca:S = 6:l) 
was added to the coal. The equilibrium code overestimates sulfur sorption in the 
no-lime added case, but otherwise predicts the extent of sulfur capture with reason- 
able accuracy, especially when smaller lime particles are added. This accuracy is, 
at first, surprising because the PACKAGE program does a relatively poor job of pre- 
dicting the partial pressures of the major C-H-0 species. The code underestimates 
gas-phase hydrocarbons (CH4, C2H4, CzH6, etc.) by a factor of 2-5 and CO by a factor 
of 2-5 (at 50OOC); it overestimates COP by a factor of 1.5-5, H2 by a factor of 
about 3 ,  and H20 by an order of magnitude. The code also, in general, underpredicts 
COS formation. 

These gross errors in vapor-phase representation by the PACKAGE computer program 
would appear to be consequences of an inadequate thermodynamic data base, as well as 
an inherent failure of the approach itself to model essentially non-equilibrium 
processes, such as tar cracking. Cracking of tar liquids (phenolic compounds in 
particular) to lighter products is a primary cause of increased CH4 and hydrocarbon 
gases (C,-C,) formation (1). The composition of low-temperature (<  700OC) coal tars 
is very complex and strongly dependent on the conditions at which pyrolysis occurs. 
Until a comprehensive library of the thermodynamic properties of complex tar liquid 
mixtures is developed, and utilized along with the equilibrium code, discrepancies 
between observed and predicted devolatilization product composition are bound to 
exist. However, the relatively error-free estimation of HzS(v) concentration in the 
presence of added lime suggests that the equilibrium approach can serve as a tracta- 
ble preliminary scheme for the analysis of sulfur chemistry even in the less reactive 
atmosphere of low-temperature devolatilization. 

This tentative conclusion is strengthened by additional comparisons between predicted 
and observed effects of variations in coal and lime particle size, the devolatiliza- 
tion temperature, and the sulfur sorbent employed. Data obtained with smaller coal 
particles and smaller CaO particles (< 10 micrometers) reveal improved agreement 
between predicted and measured sulfur capture (Table 1). This suggests that a better 
mixture o f  coal and CaO components (and, hence, greater contact between CaO and 
devolatilized sulfur products) is possible when the smaller size fraction is uti- 
lized. This increased intimacy of contact also implies closer approach to equilib- 
rium; indeed, near-equilibrium sulfur capture may be obtained when hydrated lime is 
introduced as a "mist" spray. To investigate the influence of pyrolysis temperature 
on product yield and composition, experiments and computations have been performed 
at 649OC with and without the presence of calcium compounds. The predicted and 
observed percentage of sulfur content (HzS and COS) in the product gases is slightly 
reduced at 649OC compared to that at 5OOOC (Table 1). The increased levels of CO 
and H2 and the reduction in CO at higher temperature are also simulated by the 
equilibrium code. At both temperatures the influence of CaO addition on sulfur 
products is seen to be qualitatively similar, as predicted. 

The equilibrium model cannot simulate differences in the performance of the same 
sorbent (e.g., CaO) prepared from different sources (e.g., CaC03, Ca[OH]2, dolomite, 



ca lc ined  dolomi te ,  hydra ted  ca l c ined  do lomi te ) ,  s i n c e  t h e s e  d i f f e r e n c e s  a r e  caused 
l a r g e l y  by t h e  va ry ing  pore  s t r u c t u r e s  of t h e  s o r b e n t .  D i f f e r e n t i a t i o n  of a d d i t i v e s  
genera ted  from va r ious  p a r e n t  compounds and a t  d i f f e r e n t  t r ea tmen t  c o n d i t i o n s  neces- 
s a r i l y  invo lves  k i n e t i c  modeling; however, t h e  p r e s e n t  e q u i l i b r i u m - r a t e  chemis t ry  
model can  s t i l l  be used t o  compare t h e  maximum r e a c t i v i t y  of  t h e  CaO a d d i t i v e  w i t h  
t h a t  of o t h e r  low-cost i no rgan ic s  ( e . g . ,  CaC03, Fe203, MgO, SiOp). These observed  
and p r e d i c t e d  e f f e c t s  on t h e  SHRODR produc t s  a r e  l i s t e d  i n  Table  2 .  Adding 35 weight  
pe rcen t  CaC03 (Ca/S of about  6) t o  t h e  P i t t s b u r g h  c o a l  a t  500°C i s  observed  t o  reduce  
H2S from 3 . 7  volume pe rcen t  t o  on ly  about  2 . 3  volume p e r c e n t ,  whereas t h e  PACKAGE 
code p r e d i c t e d  a g r e a t e r  r educ t ion .  This  i s  perhaps  a consequence of  p r e v i o u s l y  
r epor t ed  (19)  k i n e t i c  l i m i t a t i o n s  t o  t h e  c a l c i n a t i o n  p rocess  below 600OC. A 
21 weight  pe rcen t  Fe203 s i g n i f i c a n t l y  reduces  t h e  y i e l d  of H2S and COS; t h i s  reduc- 
t i o n  i s  accompanied by t h e  format ion  of  FeS ( t r o i l i t e ,  i d e n t i f i e d  by X-ray d i f f r a c -  
t i o n ) .  These observed e f f e c t s  of  FepOB a d d i t i o n  a r e  a l s o  p r e d i c t e d  t h e o r e t i c a l l y .  
SHRODR exper iments  and s imula t ions  were a l s o  performed wi th  MgO and S i02  a d d i t i v e s .  
However, t h e  presence  o f  t h e s e  ino rgan ic s  has  ve ry  l i t t l e  i n f l u e n c e  on d e v o l a t i l i z e d  
product  y i e l d  and composi t ion ,  a s  p r e d i c t e d  by t h e  PACKAGE computer program. 

4.2 Coal G a s i f i c a t i o n  App l i ca t ions  

I n  view of t h e  long  r e s idence  t imes  (2-3  hours)  a s s o c i a t e d  wi th  fixed-bed g a s i f i e r s ,  
t h e  use  of an equ i l ib r ium approach i s  we l l - su i t ed  t o  t h i s  environment.  Comparisons 
between PACKAGE p r e d i c t i o n s  and exper imenta l  gas-phase s u l f u r  d a t a  ob ta ined  under  
g a s i f i c a t i o n  cond i t ions  i n  t h e  presence  of  so rben t s  a r e  p re sen ted  i n  Table  3 .  The 
H2S concen t r a t ions  r epor t ed  he re  were ob ta ined  by on - l ine  l a b o r a t o r y  a n a l y s e s  o f  
gases  gene ra t ed  du r ing  a s e r i e s  of METC f ixed-bed  g a s i f i e r  runs .  S ince  wa te r  was 
removed from a l l  samples sub jec t ed  t o  o n - l i n e  a n a l y s e s ,  r e s u l t s  a r e  r epor t ed  on a d r y  
gas  b a s i s ;  computer p r e d i c t i o n s  a r e  reproduced i n  Tables  3 and 4 on t h e  same d r y  
b a s i s .  The s ing le - t empera tu re ,  s i n g l e  g a s / s o l i d  r a t i o  a n a l y s i s  p re sen ted  he re  is 
based upon t h e  hypothes is  t h a t  s u l f u r  s o r p t i o n  i n  t h e  g a s i f i e r  column i s  c o n t r o l l e d  
by f a s t  chemical r e a c t i o n s  t h a t  occur  i n  a narrow s e c t i o n  of t h e  column, j u s t  above 
t h e  combustion zone ( s e e  F igu re  1 ) .  F u r t h e r  up i n  t h e  column, c a l c i n a t i o n  of t h e  
l imes tone  a d d i t i v e  i s  no t  thermodynamically f e a s i b l e ,  imply ing  s e v e r e l y  reduced 
s u l f u r  up take  by l imes tone ;  whereas,  below t h i s  c r i t i c a l  s e c t i o n ,  t h e  lime i s  e i t h e r  
s a t u r a t e d  (due t o  abso rp t ion  of  r ecyc le  s u l f u r  d iox ide )  o r  bound up i n  t h e  form of 
s i l i c a t e s ,  a l u m i n o s i l i c a t e s ,  e t c . ,  r e s u l t i n g  from ash  i n t e r a c t i o n s  under  o x i d i z i n g  
c o n d i t i o n s .  

The c a l c u l a t i o n s  shown i n  Table 3 have been performed a t  a tempera ture  of  abou t  
1000 K ,  and t h e  g a s / s o l i d s  flow rate r a t i o  (approximate ly  5 )  c o n s i s t e n t  w i th  t h a t  
t empera ture  i n  the  g a s i f i e r .  The g a s / s o l i d s  r a t i o  r e p r e s e n t s  t h e  d i s t r i b u t i o n  of  t h e  
components of t h e  r e a c t i v e  mixture  i n  t h e  two phases ,  and t h e  t empera tu re  has  been  
chosen on t h e  b a s i s  of  maximum a v a i l a b i l i t y  of ca lc ium t o  r e a c t ;  any tempera ture  i n  
t h e  " tempera ture  window" of  900-1100 K would have served  e q u a l l y  w e l l .  These 
a t t empt s  t o  p r e d i c t  t h e  observed s u l f u r  cap tu re  by means of  a s imple  e q u i l i b r i u m  
thermodynamic approach a r e  no more than  a p re lude  t o  t h e  combined dynamic- 
thermodynamic-kinetic a n a l y s i s  planned f o r  t h e  f u t u r e ;  y e t  even t h e s e  p r e l i m i n a r y  
equ i l ib r ium c a l c u l a t i o n s  show good agreement wi th  exper imenta l  measurements f o r  all 
gas  s p e c i e s  c o n c e n t r a t i o n s ,  i nc lud ing  t h e  hydrocarbons ,  C 0 2 ,  CO,  Hp (Table  4 ) ,  a s  
well a s  H2S (Table 3).  I n  the  case  of t h e  C-H-0 s p e c i e s ,  t h e  h i g h e r  t empera tu res  
invo lved ,  t h e  r e l a t i v e  i n s i g n i f i c a n c e  of  t a r - c h a r  chemis t ry ,  and t h e  c l o s e  approach  
t o  equ i l ib r ium of  t h e  water -gas  s h i f t  r e a c t i o n ,  appa ren t ly  b r i n g  abou t  a b e t t e r  
match between theo ry  and p r a c t i c e .  

The PACKAGE code i s  e q u a l l y  e f f e c t i v e  i n  s i m u l a t i n g  t h e  e f f e c t  of changes i n  ope ra t -  
i n g  v a r i a b l e s  on s u l f u r  up take .  A t  h ighe r  p r e s s u r e s  (200 p s i g ) ,  c a l c i n a t i o n  i s  
de layed  t o  h ighe r  t empera tu res ,  occu r r ing  f u r t h e r  down i n  t h e  g a s i f i e r  column. I n  
t h e  absence  of  excess  ( r ecyc led )  s u l f u r ,  l ime ,  once it forms, immediately r e a c t s  w i t h  
t h e  a s h  mine ra l  c o n s t i t u e n t s  and i s  thus  no t  a v a i l a b l e  t o  r e a c t  w i t h  t h e  s u l f u r .  



When s u l f u r  i s  added i n  t h e  form of a r e c y c l e  SO2 s t r eam,  equ i l ib r ium favor s  t h e  
formation of CaS and Cas04 over  ca lc ium s i l i c a t e s  and a l u m i n o s i l i c a t e s ;  t h i s  r e s u l t s  
i n  inc reased  s u l f u r  c a p t u r e  e f f i c i e n c y  and inc reased  so rben t  u t i l i z a t i o n .  Thus, i n  
h igh-pressure  runs  w i t h  no SO2 r e c y c l e ,  H2S volume p e r c e n t  i n  t h e  g a s  is high and  
i n s e n s i t i v e  t o  Ca/S r a t i o  ( c a l c u l a t e d  w i t h  r e s p e c t  t o  t h e  c o a l ) ,  b u t  low and v e r y  
respons ive  t o  t h e  same parameter  when some s u l f u r  i s  f ed  back i n .  These p r e d i c t e d  
t r e n d s  a r e  c o n s i s t e n t  w i t h  observed g a s i f i e r  performance. Some obse rva t ions ,  such  
a s  t h e  d i f f e r e n c e  i n  e f f e c t i v e n e s s  of  t h e  Germany Val ley  and Lowel lv i l l e  l imes tones ,  
a r e  beyond t h e  c a p a b i l i t y  of t h i s  approach  t o  r a t i o n a l i z e ,  b u t  t h e  p r e s e n t  method- 
o logy  i s  still  o f  v a l u e  i n  e v a l u a t i n g  t h e  l i m i t s  of  performance of g a s i f i e r s  and  
so rben t s .  

4 . 3  Coal Combustion App l i ca t ions  

The equilibrium-thermodynamic approach has  a l s o  been  used t o  ana lyze  t h e  e f f e c t  o n  
combustion gas-phase s u l f u r  concen t r a t ion  of adding  ca lc ium t o  a coa l -water  f u e l .  
Condi t ions  used i n  t h e  c a l c u l a t i o n s  s imula t ed  those  occur r ing  i n  a r e c e n t  GE LM500 
Turbine  S imula tor  run which i n d i c a t e d  h igh  s u l f u r  cap tu re  ( a t  t he  c o s t  of i nc reased  
d e p o s i t i o n ) .  I n  t h i s  exper imenta l  s t u d y ,  ca lc ium hydroxide  was i n t e g r a t e d  i n t o  
coa l -water  mix tu res  and i n j e c t e d  i n  a combustion sys tem which s imula t e s  t h e  thermo- 
dynamic and aerodynamic environment of  a gas  t u r b i n e .  S u l f u r  cap tu re  was de te rmined  
by a n a l y s i s  of  e x t r a c t e d  g a s  and s o l i d  samples .  The PACKAGE computer program p r e -  
d i c t s  80 p e r c e n t  s u l f u r  c a p t u r e  f o r  ca l c ium- to - su l fu r  (Ca/S) atomic r a t i o  of 1.5, 
f u e l - t o - a i r  r a t i o  of  0 .07,  l l O O ° C ,  and 10 a tmospheres .  This  compares w e l l  wi th  the 
repor t ed  GE da ta  of 60-70 p e r c e n t  c a p t u r e  (20) f o r  hydra ted  so rben t s .  I t  is i n t r i g u -  
i n g  t h a t  even  s h o r t  r c s idence  t ime c o n d i t i o n s  such  a s  t h e s e  do n o t  n e c e s s a r i l y  
i n v a l i d a t e  equ i l ib r ium model i n e .  Even thccph scrbent - t i ? i z e t i o n  Is c e r t a i n l y  iinir- 
dependent,  t h e  assumpt ion  of i n s t an taneous  r e a c t i o n  i s  probably  no t  f a r f e t ched  i n  
t h e  h ighly  r e a c t i v e ,  h igh- tempera ture  combustion environment.  

5. CONCLUSIONS AND RECOMMENDATIONS 

An a t tempt  has  been made i n  t h i s  paper  t o  i l l u s t r a t e  and j u s t i f y  t h e  u s e  of a n  
equilibrium-thermodynamic approach  t o  modeling t h e  d i s t r i b u t i o n  of s u l f u r  s p e c i e s  i n  
t h e  product  s t reams of  c o a l  convers ion  p rocesses .  I t  has  been demonstrated t h a t  
equ i l ib r ium c a l c u l a t i o n s  s imula t e  t h e  q u a l i t a t i v e  e f f e c t s  o f  va r ious  s u l f u r  s o r b e n t s  
and gas  c leanup c o n d i t i o n s  ( t empera tu re ,  p r e s s u r e ,  so rben t - to - su l fu r  r a t i o )  w i t h  
good accuracy ,  e s p e c i a l l y  i n  r e a c t o r  c o n f i g u r a t i o n s  t h a t  ensu re  c l o s e  mixing of t h e  
components. The e x t e n t  t o  which equ i l ib r ium e s t i m a t e s  of s u l f u r  cap tu re  and so rben t  
u t i l i z a t i o n  a r e  q u a n t i t a t i v e l y  r e a l i s t i c  has  been eva lua ted  on t h e  b a s i s  of compari- 
sons  wi th  d a t a  ob ta ined  under c o a l  d e v o l a t i l i z a t i o n  ( i n  t h e  METC SHRODR), g a s i f i c a -  
t i o n  ( i n  t h e  METC f ixed-bed  g a s i f i e r ) ,  and combustion ( i n  t h e  GE t u r b i n e  s imula to r )  
cond i t ions .  P re l imina ry  i n d i c a t i o n s  a r e  t h a t  equ i l ib r ium composition p r e d i c t i o n s  a r e  
i n  s u r p r i s i n g l y  good q u a n t i t a t i v e  agreement wi th  measured da ta  f o r  a l l  s p e c i e s  
inc luded  i n  t h e  e x t e n s i v e  thermodynamic d a t a  base  employed. This  t e n t a t i v e  conclu- 
s i o n  w i l l  b e  v e r i f i e d  by repea ted  comparisons of  model p r e d i c t i o n s  wi th  o t h e r  s u l f u r -  
removal d a t a  a s  it becomes a v a i l a b l e .  The unexpected success  of t he  p r e s e n t  
p re l imina ry  computa t iona l  model f o r  s u l f u r  s o r p t i o n  bodes w e l l  f o r  t h e  more compre- 
hens ive  t h e o r e t i c a l  ana lyses  p lanned  f o r  t h e  f u t u r e .  The a n t i c i p a t e d  f a i l u r e  of t h i s  
s imple  a lgo r i thm t o  s i m u l a t e  t r a n s p o r t  a n d .  k i n e t i c  l i m i t a t i o n s  t o  t h e  su l fu r - l ime  
r e a c t i o n  no twi ths t and ing ,  t h e  most a t t r a c t i v e  f e a t u r e s  of t h e  equ i l ib r ium approach 
remain the  e l i m i n a t i o n  of t h e  u n c e r t a i n t i e s  sur rounding  more d e t a i l e d  g a s l s o l i d  
i n t e r f a c i a l  k i n e t i c  models,  and the  r e l a t i v e  e a s e  and convenience of i t s  a p p l i c a t i o n .  
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MODEL OF ASH SIZE DISTRIBUTIONS FROM COAL CHAR OXIDATION 

Boyd F. Edwards and Anjan K. Ghosal 

Department of Physics, West Virginia University 
Morgantown, WV 26506 

1. Abstract 

A flexible model of final ash size dismbutions resulting from coal char oxidation under varying 
conditions is presented. To include the important effects of fragmentation during char oxidation, we 
have modeled three-dimensional char particles as porous spatially random "percolation" clusters on a 
cubic bond lattice. Random walkers represent oxygen diffusion to the surface of the char particles. A 
reaction probability r governs whether a random walker reaching the surface will react with a unit mass 
of char. Thus, values of r from near zero to unity take the model from a chemical-reaction-limited to a 
diffusion-limited regime. Fragmentation events occur when reactions break the connectivity of the 
clusters, leading to a distribution of ash particle sizes after burnout. In the chemistry-limited regime, 
penetration of the random walkers into the pores of the cluster results in major fragmentation events and 
a correspondingly large number of ash particles. In the diffusion-limited regime, the lack of such 
penetration results in fewer ash particles with a larger maximum size. Model parameters are related to 
experimental conditions such as temperature, particle diameter, char porosity, and ash content. Results 
are compared with experiments. 

2. Introduction 

Coals typically contain about 10% incombustible mineral matter mainly in small separate inclusions 
in the coal. During combustion these particles can be released into the furnace gases as fly ash and may 
range from a hundredth of a micron to up to a 100 microns in diameter. These ash particles clog heat 
transfer equipment, corrode boiler tubes and create environmental hazards. To fully address these 
problems, it is important to understand the mechanism of ash formation. In this paper, we present a 
model of coal char oxidation designed to supply this understanding. Our objective is to numerically 
simulate the effect of coal morphology, burning rate, and initial ash content on the final ash size 
distribution. 

Recent measurements of burning-rate time histories for single char panicles in a fluidized bed 
(1) offer new insights into the dynamics of the combustion process. Of particular interest are 
successive sharp increases in the burning rate interrupting the overall downward trend. These sharp 
increases were interpreted as the fragmentation of char particles or subparticles into two or more pieces, 
and were not observable in previous time-averaged or ensemble-averaged measurements. 

Though useful in characterizing various oxidation regimes, standard models of char oxidation 
deemphasize fragmentation by treating char panicles as uniform spheres (2,3), thereby simplifying the 
problem of oxygen diffusion to the surface. Subsequent models allow for fragmentation effects by 
treating char particles as random porous shapes. Reyes and Jensen (4,5) modeled char oxidation on a 
Bethe (tree-like) lattice by randomly removing bonds (unit line segments) from anywhere on the lattice. 
More realistically, Kerstein and Bug (6) randomly removed an initial fraction of bonds from the Bethe 
lattice to represent the porosity of the unburned char particle, and randomly removed only surface 
bonds to simulate oxidation. To account for loop effects (which are absent on the Bethe lattice), Sahini 
and Tsotsis (7) studied surface bond removal on a porous three-dimensional site lattice in the chemistry 
limited regime (Zone I). A Zone 111 (diffusion-limited) model (8) accounted for the sharp increases in 
the burning-rate measurements, ascribing them to a higher burning rate per unit surface area of char 
fragments than their parent char particles. These models demonstrated the utility of modeling char 
particles as random "percolation" clusters on a three-dimensional cubic lattice. 

Models of char oxidation and fragmentation to date neglect ash formation and force all particles into 
a particular regime (Zone I or Zone 111) regardless of size. In contrast, the smallest particles in real 
combustion systems might be in Zone I (because of their higher surface oxygen concentration) while 
the larger panicles are simultaneously in Zone III (2). The present model incorporates both regimes 
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along with the intermediate regime (&ne II), as well as incorporating ash formation. 
Further measurements on a finely graded Montana lignite (9,lO) with mass averaged mineral 

inclusion size of 2 microns indicate strong dependencies of the final ash size distribution on 
temperature, initial particle size, and oxygen concentration. In this paper, we directly compare the 
predictions of the model with these experiments. 

3. Model 

Tne distribution of ash particle sizes after complete burnout depends on the competition between 
several mechanisms. Mineral inclusions melt and can coalesce as the surface of the char particle 
recedes, leading to large ash particles. Small promsions in the irregular char surface can be liberated 
as the surface recedes, producing small ash particles. In the chemistry-limited regime, oxygen 
diffusion and oxidation in the pores can lead to separation of char panicles into panicles of comparable 
size, leading to ash particles more evenly distributed in size. Finally, mineral vaporization at the 
sulface and subsequent condensation can lead to very small ash particles (11). Since they solidify from 
liquid mineral droplets, ash panicles are typically spherical or near spherical. 

To incorporate the most important mechanisms of ash production into our model in a 
straightforward way, we employ a representation of char particles on a cubic lattice similar to one used 
in a previous model (8), except that here we include mineral matter in the representation. The lattice 
representation employs the site percolation concept; each site on a cubic lattice has probability p = 
0.31 17 of being "occupied". Groups of adjacent occupied sites are termed site clusters. This value of 
p is the "percolation threshold" value above which a cluster spanning the cubic site lattice is guaranteed 
to exist. All unit line segments, or "bonds", within a radius R of occupied sites are designated as solid. 
The resulting bond cluster represents a porous char particle whose compactness is governed by R. A 
fraction of the bonds in the cluster are assigned masses of mineral material to simulate mineral 
ixc!uSi=n% ?kGe ;kit B h i i d  is it h e  segment between nearest neighbor sites on a lattice, representing 
a mass of combustible and mineral material, and does not represent a chemical bond. 

Char oxidation is modeled by introducing random walkers representing oxygen. Each time a 
random walker encounters a solid bond, that is, each time it crosses a solid bond, it has a probability r 
of reacting with the bond. A reaction is defined as the annihilation of both the walker and the 
combustible content of the bond. If an encounter does not lead to reaction, the wak continues from the 
point where it entered the solid. In this way, small values of r lead to many encounters before reaction 
occurs, allowing walkers to deeply penetrate the pores before reacting. A reaction that breaks the 
connectedness of a cluster is deemed a fragmentation event. After such an event, the random walkers 
ignore all solid bonds except those pertaining to a single fragment to simulate physically separated 
particles produced by fragmentation events, each with a separate supply of oxygen. The fragments are 
oxidized one at a time in this manner until all have been oxidized. The site lattice oxidation model by 
Sahimi and Tsosis (7,12) apparently ignores this physical separation. Extension of the model to give 
the time-dependent char fragment size distribution during oxidation is in progress. 

Two limiting behaviors for reallocating the mineral mass of a reacted bond are simulated as 
follows. Limit I: For strong cohesion between adjacent melted mineral inclusions, the mineral mass of 
a reacted bond'is given to the adjacent solid bond with the largest mineral mass, giving strong 
coalescence of mineral matter. Limit I1 In the opposite case of weak mineral cohesion and relatively 
strong adhesion between melted mineral inclusions and char material, the mineral mass of a reacted 
bond is equally divided among its adjacent solid bonds, giving weak coalescence. When the last solid 
bond of a cluster reacts, its mineral mass is deemed the mass of an ash particle. When all solid bonds 
have reacted, the ash mass distribution is complete. The corresponding ash size distribution follows 
from the sphericity of the ash particles. In this way, the model captures the effects on the ash 
distribution of surface coalescence, liberation of surface protrusions, and pore diffusion during 
oxidation. Although the model does not account for mineral vaporization (ll), the very small 
submicron ash particles created by this mechanism are negligible in the final mass-weighted size 
distribution. We assume that the adhesion between melted mineral inclusions of different chemical 
compositions, if such differences occur in the coal being considered, can be treated as identical to the 
cohesion of inclusions of the same composition. 

The advantage of using a bond lattice rather than a site lattice is the absence of unphysical spurious 
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multiple fragmention events. Removing a single site from a cubic site lattice can result in up to 6 
fragments, whereas removing a single bond from a cubic bond lattice results in no more than two 
fragments. 

The reaction probability r depends on the particle diameter d through the oxygen diffusion rate Q 
(see Section 4 below). Thus, it is necessary to define the diameter of a cluster on the cubic bond lattice 
which can be related to the actual particle diameter d. This "lattice diameter" dl is defined as the average 
of the cluster dimensions in the three Cartesian directions; di = (xmax - xmin + Ymax - Ymin + Zmax - 
zmin) / 3, measured in units of the lattice spacing. The lattice spacing in microns, which remains fixed 
during the simulation, is determined initially by equating the initial particle diameter d (in microns) to 
the diameter dl of the cluster used to simulate it (in lattice spacings). The diameter and the 
corresponding reaction probability r of a particular particle decrease monotonically from an 
during oxidation, taking it into the chemistry-limited regime as it decreases in size. Cluster diameters 
and corresponding reaction proba 

Random walkers are introduced at random locations on a box with linear dimensions a factor of 
1.4 larger than the dimensions of the box of dimensions xmax - xmin, Ymax - Ymin, and zmax - Zmin. 

e described elsewhere indicate that this method of introducing random walkers yields 
es of contacting particular solid bonds that are within 4% of the probabilities obtained by 

es are accordingly updated after each bond reacts. 

introducing the walkers an infinite distance from the cluster. 

4. Relation of the reaction probability r to physical quantities 

For a fist-order reaction, the rate of consumption Q of carbon at the surface of a char particle of 
diameter d is proportional to the partial pressure C, of oxygen at the surface through the relation Q = & 
Cs, where & = A exp (-E/RT,) is the chemical reaction rate characterizing the chemisorption process. 
This oxygen at the surface arrives by diffusion across the relatively stagnant gas film between the bulk 
gas stream and the solid surface. The corresponding alternative relation Q = & (Cb - Cs) involves the 
oxygen diffusion rate Kd = B Tso.75 / d (Refs. 13, 14). Since the bulk oxygen partial pressure Cb is 
the measurable quantity, a third relation Q = K c b  defines the overall reaction rate K, which is simply 
related to its constituent rates as K-1 = &-I + &-I by combining the three forms for Q. For very small 
surface temperatures Ts, K = & and a small oxygen flux to the surface is sufficient to sustain the slow 
chemical reactions both at the external surface of the solid and deep within its pores (Zone r). At higher 
temperatures, oxygen is unable to diffuse into the pores fast enough to completely support the faster 
chemical reactions, but is plentiful at the external surface (Zone II). At yet higher temperatures, K = & 
and oxygen diffusion is unable to completely support the chemical reactions even at the external surface 
(Zone ID). 

The foregoing assumes an order of reaction equal to unity. CO is typically the primary oxidation 
product in char combustion (2),  but converts to C02 a distance from the particle. Experimental 
evidence that C@ is the combustion product most relevant to diffusion to and from char particles, and 
that the order of reaction is consequently close to unity, is given by Field (15) for pulverized chars with 
0.05 atm < c b  < 0.20 a m ,  and by Smith (13). Accordingly, we take A = 8710 g cm-zs'latm-l, E = 
35700 cal/mole, and R = 1.986 cal mole-' K-' (3). which apparently apply generally, to within the 
accuracy of our simulations, to coals excluding pyrolitic graphites and anthracites. The value B = 5.62 
x lo4 g cm-2s-1atm-1 based on the external surface area (mass removed per unit external surface area 
per atmosphere of 02 per unit time) follows from the corresponding mass-based coefficient given by 
Smith (13). which depends on the diffusivity of @ in air. More specific values of E, R, and A for 
various Coal types are given by Wall and Gururajan (16). 

The reaction probability r of the simulations follows simply from the overall reaction rate K. For r 
near zero, random walkers encounter the solid many times before reacting with it, allowing the walkers 
to deeply Penetrate pores before reacting, corresponding to chemistry-limited conditions and a slow 
reaction rate K. For r near unity, an encounter almost always leads to reaction and only the most 
exposed Parts of the cluster are consumed, corresponding to diffusion-limited oxidation and a high 
reaction rate Kd. In this way, the reaction probability is just the overall reaction rate normalized to 
unity; r = = KJ(& + &). 
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5. Model tuning 

The model is tuned by comparing with data from combustion of a finely graded (38-45 micron 
diameter with median diameter 39 microns) lightly swelling Montana lignite studied experimentally by 
Sarofim (9). Their microscopic examination of these particles indicates that the mineral matter is 
distributed as separate inclusions comprising about 8% of the coal with a maximum weight fraction at a 
diameter of 2 microns. Lacking detailed information about the small amount of swelling during 
devolatilization, we simply use the initial coal particle diameter as the diameter relevant to char 
oxidation. Particle surface temperatures Ts typically exceed bulk gas temperatures Tb by about 200 K 

To facilitate careful comparison with the experiments, the mineral masses assigned to bonds in the 
cluster are chosen to obey the distribution of the mineral inclusions measured in the experiments, which 
is apparently independent of coal particle size over the relevant range of particle sizes. In particular, the 
number of required inclusions in each of six bins of width 0.5 microns is determined from Figure 6 of 
Sarofim (9) based on the overall diameter d of the assumed spherical coal particle, the mineral fraction 
(sa), and the approximately equal density 3.5 g cm-3 of char and mineral matter. The mass of the 
assumed spherical inclusions in each bin follows from the mean bin diameter. The N mineral 
inclusions required by the procedure are then randomly assigned to N bonds in the cluster (N = 1749 
for d = 39 microns), and the remaining bonds in the cluster are assigned zero mineral mass. Our 
clusters typically contain from N to 1.1 N bonds. The largest simulated particle diameter was 44 
microns. 

We use the conditions d = 39 microns and T, = 2000 K to tune the cluster compactness and the 
method of mineral matter reallocation during combustion. For unit compactness (R = 1) and for weak 
mineral cohesion (limit n), we obtain a distribution with a narrow peak in the ash mass fraction per 
micron at about 2.5 microns compared with a corresponding median diameter of 9 microns for 
comparable conditions in the experiments [Fignre I4 cf Kef. (9), To = 1830 Kj. For higher 
compactness (R = 2) and for strong mineral cohesion (limit I), the median diameter rises to about 4.4 
microns (Figure 1) and the width of the distribution is comparable to that of the experiments. For R = 
3 and smng mineral cohesion, we obtain a very broad dishibution centered very roughly at 8 microns. 
To better facilitate the study of the shifts in median diameter with temperature and particle diameter, we 
henceforth employ the more sharply peaked intermediate compactness R = 2 in the strong mineral 
cohesion limit. Our choice of compactness may correspond more closely to more porous chars, such 
as bituminous chars, than to the lignite of the experiments. We believe however that the directions and 
relative magnitudes of the shifts in the median diameter due to changing temperature and particle 
diameter should be applicable to a wide range of porosities including the lignite of the experiments, 
since these shifts arise from different oxidation regimes applied to the same types of particles. Our 
choice of strong mineral cohesion seems consistent with current understanding of the process of 
mineral coalescence. 

6. Predictions and comparisons with experiments 

(2). 

! 

t 
I 

To illustrate the dependence of the ash particle size distribution on temperature, Figure 1 shows our 
simulated mass-weighted ash size distributions ford = 39 microns at Ts = 1500,2000, and 2500 K. 
The data points are the output of the simulations; the solid traces are fifth-order polynomial fits to the 
data. The cluster used in all three simulations had 1781 bonds including 1749 mineral inclusions. The 
data show a systematic shift toward larger ash particles with increasing temperature (Figure 1); median 
diameters deduced from the fits are 3.7, 4.4, and 4.8 microns. A significant decrease in the overall 
number of ash particles from 171 at TS = 1500 K to 115 at T, = 2500 K (Table 1) accompanies the shift 
toward larger ash particles. Physically, the larger ash particles result from a decrease in pore wall 
oxidation and a corresponding decrease in fragmentation as the oxidation approaches the diffusion- 
limited regime with increasing temperature. The experimental data of Sarofim et al. (9) do not show an 
clear shift toward larger ash particles for increasing temperatures. Even so, for the case of d = 39 
microns, the experimental rahoO.86 between median ash particle diameters at bulk gas temperatures Tb 
= 1830 K and Tb = 1250 K [deduced from Figure 14 of Ref. (911 compares well with our ratio 0.84 
deduced from the median diameters at the corresponding surface temperatures T, = 2000 K and T, = 
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1500 K. The experimental overall number of ash particles 160 at Ts = 2000 K [estimated from data for 
d = 53-63 and 75-90 microns and bulk temperatures Tb = 1750 K, Ref. (lo)] is comparable to our 
value of 121 (Table 1). 

To determine the dependence of the ash particle size dismbution on initial particle diameter, Figure 
2 shows our simulated ash size distributions for d = 34, 39, and 44 microns at Ts = 2000 K. The 
corresponding clusters have 1162 (1 152), 1781 (1749). and 2665 (2509) bonds, where parentheses 
enclose the numbers of bonds assigned mineral inclusions. Over this range of diameters, no clear trend 
in the ash particle size dismbution is discernible (Figure 2). The increase with diameter of the overall 
number of ash fragments (Table 1) reflects the larger number of mineral inclusions in particles of larger 
diameter. The initial values of the reaction probability for these particles are 0.58,0.61, and 0.64, 
respectively. 

7. Conclusions 

This paper presents, to our knowledge, the first model predicting ash distributions resulting from 
char oxidation and fragmentation incorporating the three regimes of oxidation. The model yields 
overall numbers of ash particles and shifts in ash particle dismbutions which agree with experiments on 
a Montana lignite. Since the sparse cluster morphologies studied in this paper underestimate the 
experimental median ash panicle size, these morphologies may correspond best to more porous 
bituminous chars. Over the range of particle diameters studied (34-44 microns), the model predicts no 
variation in the median ash diameter with initial particle size. Further simulations of denser cluster 
morphologies and over larger diameter ranges are underway. 

Experiments on the process of molten mineral matter reallocation during combustion would be very 
useful in connection with our ongoing simulations. Additionally, since significant swelling and 
morphological changes may occur during devolatilization, experiments on combustion of well- 
characterized chars (including sizes, porosities, and mineral matter distributions) would be useful. 

The model provides a flexible and powerful framework in which to study the separate and 
combined effects of initial mineral content and distribution, coal type and morphology, oxygen 
concentration, temperature, and particle size on the final ash size distribution. It can used to compare 
and correlate experimental data, as well as to study parameter sensitivities that are difficult to explore 
experimentally. 
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1500K (a) 
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Figure 1. Mass-weighted ash size distribution for simulated coal particle diameter 39 microns and 
surface temperatures 1500,2000, and 2500 K. 

34microns (a) 
39microns (b) 

II 44microns ( c )  

0 2 4 6 8 10 
Diameter (microns) 

Figure 2. Mass-weighted ash size distribution for simulated coal particle diameters 34, 39, and 44 
microns at surface temperature 2000 K. 

Ash particle size range (microns) 
d (pm) Ts (K) 0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 total 
39 1500 25 34 53 39 15 5 171 
39 2000 24 17 30 26 16 17 1 121 
39 2500 27 18 23 26 11 7 3 115 
34 2000 12 12 11 17 16 1 1 1 71 
44 2000 45 48 36 54 14 2 216 

Table 1. Numbers of ash particles of different sizes ranges for simulated coal particles of diameter d 
and surface temperature Ts. 
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Flowfield Simulations in Industrial Furnace 
Configurations 

Paul A. Gillis and Philip J .  Smith 

Combustion Coiiiputa tions Laboratory 
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Provo, Utah 84604 

1 Introduction 
-4 fundamental element of comprehensive pulverized-fuel combustion modelling is the description 
of the turbulent gaseous flow field within the furnace. As part of a program to develop a three- 
dimensional coal combustion code, a non-reacting gas flow dynamics model has been developed. 
This flow model, G.4S3D, has  been demonstrated in a variety of iiidustrial configura.tions including 
corner-firetl, cross-fired, a i d  wil.il-fired furnace geometries. This payer discusses the components 
and capabilities of the model and presents comparisons between experimental data  and model 
predict,ions for a. wall-fired fiirnace. 

Experimental data has 
bcen ohtaiiietl from Consolicla.tion Coal Company for a wall-fired furnace. This configuration has 

patterns predicted within the furnace are given. Coniparisons are made between the predictions 
and experimentai da.ta anti berween the diKeleni itll'iJUkllci iilodek. 

The emphasis of this paper is on evaht ing:  model performance. 

L. #,#.en siiiiulated with GAS3D using: t,hree different t,urbulence nlotlels. A description of the flow 

2 Solution Method 
Steps common to  all finite clifference numerical techniques are'the formulation of the equations, 
discretization of these equat,ions, and the solution of the resulting coefficient matrices. G.4S3D 
couples the momentum and continuity equations with the SIMPLE algorithm (l), utilizes a 
first-order hybrid upwind and central differencing scheme, and iteratively solves the difference 
coefficient matrices by approximating them as tridiagonal systems, which are solved with the 
Thomas algorithiii. 

The SIMPLE (Semi-Implicit Method for solving Pressure Linked Equations) algorithm is a. 
technique for solving tlie equa.tions of motion a.nd contiiiuity in a decoupled fasliion. It requires 
a initial guess of the pressure field which is then updated through the calculation of a pressure 
correction. This method of  solving the pressure field can require hundreds of iterations and  
alternative numerical techniques are being investigated. These alternatives include solving the 
equations in a coupled manner, similar to Vanla's BLIMM method (2)  and the use of multigrid 
algorit,lims ( 3 ) .  

Finite difference coefficient matrices are often very sparse and the direct iiiversioii of these 
matrices is rarely practical. Due to the first-order differencing of convection terms employed i n  
GAS3D. the ma trices fomied are heptatliagonal. Each matrix is first approximated as a series 
of t h e e  t,ridiagoiial matrices. These tritliagonal ma.trices are t,lien soloed individually with the  
Tliomas algorit.hin and tlie solution procedure is repeated several timas to resolve the coupling 
in the three coordinat,rs directir)ns. This ma.trix solver was initially observed t o  account for up 
io G5'%, of t.hr overall riin tiine on ii CONVEX C-1 t:oiiiputer. Reordering the inner loops of the  
Tlionin.; alg(xit~liiii rliminated rccursimi and allomed for vect,oriza.tioli of t.he solver. This resulted 
in a. significant rc(liict,ioii in matrix sohit,ion( - SO % )  and overall conlpllt,atiollal ( -  40 %) time. 
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3 Model Capabilities 
The niodel allmvs for siinula.tions to be iiiatle in either t,hc Cartesian or polar coordinate systeni. 
Initial validation of t,he model was made through coinparisons with the lxwlictions from an 
exteiisivity evaluated axisyminetric gas dynamics code (4) .  A case was first ruu nnd documented 
with the asisymmetric model. This axisymmetric geometry was input aut1 flow wa.s simulated 
with tlie three-diniensioiial model for both cvorclinate systenis. Pretlictioiis fronl the 3-D polar 
case were indistinguishable from the axisymnietric run. Cartesian predictions were similiarly 
va.lidated through comparison. 

GASJD ha.s been written in a modular mariner to aid understanding and ease modification. 
The model consists of a main driver and forty-four suhroutincs, each made up of an average of 134 
lines of FORTRAN coding. All boundary conditions are cont,rolled by a single three-dimensional 
array which specifies each cell (computa.tiona1 node) a.s being part of an inlet, flow field, or a 
wall (intrusion). Complex geometries can be easily simulated by input to this geometry array. 
Thus, a preprocessor can prepare this array for model input. Inlet velocity profiles, including 
hwirling burners, call also be input directly to the code. Inlets and outlets on all six faces of 
the coinputa.tiona1 domain are possible through the same array. There is no limitation to  the 
number of inlets or uutlet,s on any one face, nor tlie iiruiihcr of faces having iiilets, outlets, or 
botJi. However. if aii outlet is located within a. recirculation zone, a n  overall inass balance cannot 
he adequately closrd and the code will not fully converge. The model will also handlr structural 
intrusions at  any poirit i r i  the flow field. Intrusions w e  needed t,o model such important features 
as inlet quarls, ash bins, tube banks, clipped corners, and tho fiimace nose. Test, cases have been 
successfully converged which included constricted exits, flow around successive baffles, and bluff 
bodies surrounclccl on a.11 six sides by thc flow field. 

4 Turbulence Models 
The differential equation set employed in the model was derived from the vector f o r m  of the 
conservation equations for mass and momentiim (5). The equations were manipulated into a 
standard steady-state form to ease differencing. The insta.ntaneous form of the expanded conser- 
vation equations were Favre averaged to allow for a computationally feasible length scales: 

The Reynold’s stresses, p-, where 6 ,  is the fluctuating component of velocity in the it11 direc- 
tion, are modelled wtih the Bousinesq hypotheses: 

- 
-&&j = -p*vti 2) 

The time averaged differential equations can he manipulated to resemble the instantaneous form of 
the equations by combining the molecular viscosity, pl ,  with tlie eddy diffusivity. This differential 
equation set, for both the Cartesian and cylindrical coordinate systems, is presented in its Favre 
averaged form in Talde 1. 

Turbulence closure models have been developed for varying levels of sophistication. The most 
hasir models, such as the constant eddy diffusivity model and Prandtl’s mixing length model, 
contain simplifications which uorma.lly restrict their application. The most cominonly used tur- 
bulence model is the t,wo-equation k-E niodel. Its popularit,y is due iii part to the disadvantages 
of its iiiore sophisticated alternatives, namely, second-order closure models and large-eddy sim- 
ulations. These alternatives are hindered by the enormous increa.se in computational resources 
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needed to either solve the Reynolds st.ress transport eqiiatioiis in secoiid-order closurcs or resolve 
t,lie fine time and spacial scales required for large-eddy simulations. 

The simplest turbulence assumption is t1ia.t of constait eddy diffusivity. Because turbulence 
is 1iormally generated due to  shear fwces in the gases, this sssiiniption is rarely true. The a. priori 
determiimtion of an avera.ge eddy diffusivity is difficult,. A slightly more sophisticat,ed closure 
scheme is the Pra.ndtl’s mixing 1engt.h Inodel. This moclel, givcn by Eqiiation 3, relates the eddy 
tlifftisivity to the mean velocity gratliciit. 

p t  = PI;  IVCrl 3)  

The main drawback with this model is the deterniiiiation of t,he mixing length, I,, for coniplex 
flows. The value for 1, has been enipirically determined for a. number of simple jet,s and flows 
but a value of I ,  for recirculating and three-dimensional flows is difficult to determine. 

The k-e turbulence model was introduced to  provide a mea.ns of modeling the transport of li, 
the turbulent kinetic energy, and E,  the dissipation of tiirbulent kinetic energy. Transport equa- 
tions are devised for both li and E hliat include terms to  model convection, diffusion, productioii, 
and dissipation of these quantities. Tlie differentia.l equations for k and e ,  including tlie generation 
t,erm, G, used in  the model are given in Table 1. These equations are solved for each gas phase 
itemtion. After obtaining local values for k a.nd e, tlhe local rddy diffusivity is calrula.ted from 
the Prandtl-Kolmogorov relationship: 

C,,pk2 
/ I *  = ~ , C@ = 0.09 

F 
4) 

GAS3D currently contains options for the use of a constant eddy diffusit,ivity, the Prandtl’s inixing 
length turbulence model, or the standa.rd k-E model. 

, 
5 Reactor Flow Patterns 

The pilot scale furnace simulated in this paper is operat,ed by Consolidat,ion Coal Corporation in 
Liberty, Pennsylva.nia. T h e  furnace is approximately $j scale of a full utility boiler and is fired 
from four swirled hurners. Tlie burners are located on a single wall in a dianiond configuration 
and are all swirled in  the same direction. The outlet. is located almve the lxirners on the east wall. 
Details about the furnace configuration can be seen in Figures 1 and 2. The furnace geometry 
is similiar in design to large industrial boilers and coiitains a n  ash bin. furnace nose, and several 
clipped corners. This geometry was inodellecl with a grid that contained 35 poi1it.s in the x o r  
depth direction, 45 points in the y or width directioii, and 65 points in the z or height direction. 
Converged results for this 102375 node case were obtained using tlie three turbulence models 
described previously. Each turbulence model protluced significady differing results. 

The constant eddy cliffusivity nioclel produced the simplest flow field. This flow field contained 
only two large scale vortices. The largest vortex was predominantly visilile in the x planes, 
flowed in the clockwise direction, and extended over the entire length of the reactor. No  1a.rge 
recirculation zones were predicted in the z planes. but hurl~er  ceiiterline recirculation was present. 
Figure 1.4 illustra.tes flow patterns a t  a uornializetl width of 0.5. This figure shows a st,rong vortex 
centered below the hurners that extends approxiinately half way up the reactor. The shaded a.reas 
in  these figures represent reactor walls a . d  t.he arrows signify velocit,y vectors constucted from the 
two components of velocit,\- parrallel t o  tlw tlrsignated plane. The length and dirert,ioii of each 
vector rel)resent,s prcdict,ccl velocity fqx t,he Iixxtiiili specified hy the vector t.ail. In order t,o Iech(.e 
coiigestioii, less that one half of t,he coiiipiit,nt,ioilal iiodes are represenr.rcl wit,h vectors. There are 
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t,wo sizes of unfilled arrowheads aiid their ratio d<)ng with t,he scale for t,he small vvct,ors is given 
iii Figures 1 and 2 .  

Figure 1B provides the flow field pretlictiiin for t,he center y plane using a mixing length 
turbulence model. This figlire shows a highly viscous type flow, especially in the neit.r-l,urner 
region and the absent of major vortices in this plane. The viscous flow is generated because the 
mixing length model produces high eddy tliffusivity values in the high velocity gradient. regions 
around the burners. The x plane predictions show high velocities along the north wall which 
decrease to near stagnation along the south wall. Strong counter-clockwise swirling vortices a.re 
found in all the z planes starting in the ash bin and extending beyond the furmce nose. 

The k-e turbulence model yielded the most complex flow field prediction. Figlire 1C rcveals 
numerous swirling patterns in this single plane. Seperate vortices in the ash bin, ahove thc burn- 
ers, and behind each burner, as well as strong burner centerline recirculations a.re all predicted. 
Clockwise swirling vortices are observed in nearly all the z planes. Numerous localized vortices 
can be found in the predicted x planes. The k-E turbulence model predicted a. central recircula- 
tion zone with gases flowing downward in the center of the reactor, but flowing upward near the 
east,west,north and south walls. Figure 1 illustmtes the vast differences ill Ixith iiiagiiittirle a.nd 
direction of the velocities predicted by the three turbulence models. 

6 Data Comparisons 

Velocity measurements i r i  tht: Consol furnace were made with a. inch p i b t  tube coiinected to 
an electro-manometer. The y component of velocity was not included in these measurements. 
Experimental velocity data were obtained for 50 points all above the burners. The filled arrow- 
heads in Figures 1 and 2 represent these data points. In Figure 2 ,  all 50 da.ta. points are shown 
with the k-e predictions. It should be noted in Figure 2 that the data  points a.re for the vertical 
component of velocity only. 

The predictions in Figure 1C agree significantly better than the predictions of Figures 1 A  or 
1C. The agreement between predictions and data  in Figures 1A and 1B is poor. For example, 
the k-e simulation is the only model that predicted downward flow in the rea.ctor center and 
higher velocities on east wall than on the west wall. The majority of experimental vectors in 
Figure 1C agree with the predictions in both direction and magnitude. The  obvious exceptions 
are the center data  vectors a t  a normalized height of 0.58 and 0.50. There are several possible 
r e a m s  for these decrepancies. The most proba.hle cause is that the central recirculation zone is 
being overpredicted by the k-e model. An earlier study on two-dimensional swirling flows faulted 
the k-e model with overpredicting the length of recirculation zones (6). The transient nature 
of turbulence could create difficulties in correcting determining direction and magnitucle of gas 
velocity in a recirculation zone. The steady-state velocity predicted by GAS3D could be difficult 
to verify in a region where turbulent eddies are constantly passing. More precise inlet conditions 
could also aid isolated the cause of these decrepancies. 

Figures 2 shows predicted flowfields a t  three different depths: Figure 2A represents a x plane 
near the burners and east wall; Figure 2B represents a x plane a t  a normalized depth of 0.5; 
and Figure 2C is near the west wall. The swirl in the secondary of the burners drives the lower 
clockwise vortices found in Figures 2A and 2B. A counter clockwise swirling pattern can also be 
found in outlet in the upper part of Figures 2.4 and 2B. Although not always exact in magnihde,  
the k-e model appears to predict the trends shown hy the da.ta. In Figure 2.4, the moclel predicted 
the cha.nge from higher north wall velocities to higher south wall velocities as t,he gases flowed 
upward. The two data  points in direct directional disagreement with predictions seen in Figure 
1C can also he found in Figure 2B. It is probable that if the central recirculation zone length 
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could he better sinililated the a.greemmt in the top data plane (height = 0.70) w1ndc1 imprc>ve. 
The general agreenient illustrated in Figures lC,  2A, 2B, and 2C is ieasonablc considrriug the 
complexity of the flow. 

The presence of a fine vortex structure in the k-e predictions preselrh some interesting ques- 
tions. Additional work is needed to determine the dependence of vortex struct,ure on coarseness 
of the grid. Aclditiona.1 vortex structure could be revealed by converging this case with finer grid 
sizing. Previous investigators have found that the inlet conditions a.re vital to correctly siniulating 
turbulent flow. Further investigation is warrented into determining the sensitivit,y of solutions to 
such parameters as swirl number and inlet velocity profile. 

7 Conclusion 
A three-dimensional flow model has been developed and validated for simulating complex enclosed 
flow. The selection of turbulence model has been shown to greatly affects flow predictions. The 
k-e model appeared to represent, significant predictive improvement over t,he siinpler turbuleiice 
models. Although the k-e model appeared to overpredict the size of some recirculation zones, it 
yielded predictions in general agreement with experimental data.. Further study is warranted to 
determine the applicabilty of other turbulence models and the effect of grid resolution and inlet 
condit,ions on predictions. 
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Table 1. Differential Equation Set for GASJD 

Part A. Cartesian Coordinate System 

I 

Continuity 1 0  0 
X Monientuin 
Y Monient,uni 
Z Momentuni 
Turbulent, Energy k e G - p c  
Dissipation Rate e ( f )  (clG - czpe ) 

where: 

G = / f e ( z [ ( g ) z + ( ~ ) z + ( ~ ) z ]  +(-+q+ d” a* (~+g)’+(g+”)’)  BY 

Part B. Cylindrical Coordinate System 



U-W Velocity Vectors 
Large to Small Vector Length Ratio = 20 

Velocity Scale: 1 inch = 1.44 m/s 

I t r r l  

t 11 IA  
t 

NORMALIZED DEPTH, X NORMALIZED DEPTH, X NORMALIZED DEPTH, X 

A B C 

Figure 1. Comparison of  velocity predictions and experimental data at a normalized width of 0.5 
for t,lie following turbulence models: A, constant eddy diffusivity; B, simple mixing length model: 
and C, k-E  inodrl. 
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V-W Velocity Vectors 
Large to Small Vector Length Ratio = 20 

Velocity Scale: 1 inch = 1.44 m/s 

N 

I 
W 
I 

< 
P 

B 
a 
2 
N 
3 

0 z 

4 

-r 

\ 

NORMALIZE~WIDTH, Y NORMALIZED WIDTH, Y 

A B 

0.696 

NORMALIZED WIDTH, Y 

C 

Figure 2. Comparison of velocity predictions and the vertical component of velocity measured in 
three x planes: A, normalized depth of 0.17; B, normalized depth of 0.50; C, normalized depth of 
0.83. 
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ABSTRACT 

I n  the  l i t e r a t u r e ,  c h a r a c t e r i z a t i o n  techniques  based upon t h e  l i q u i d ' s  r e f r a c t i v e  
index  a r e  used wi th  pe t ro leum d i s t i l l a t e s  t o  p r e d i c t  f u e l - r e l a t e d  p r o p e r t i e s ;  how- 
e v e r ,  e s s e n t i a l l y  n o t h i n g  has  been r e p o r t e d  on t h e  a p p l i c a t i o n  of t h i s  technique  t o  
p y r o l y s i s  l i q u i d s .  Measurements of t h e  r e f r a c t i v e  i n d i c e s  of t h e  p y r o l y s i s  l i q u i d s  
der ived  from v a r i o u s  f e e d s t o c k s  ( c o a l ,  o i l  s h a l e ,  and t a r  sand) were made and appear  
t o  c o r r e l a t e  w e l l  w i t h  t h e  l i q u i d s '  p h y s i c a l  and chemical  p r o p e r t i e s .  The r e f r a c t i v e  
i n d i c e s  of t h e  p y r o l y s i s  l i q u i d s  show good c o r r e l a t i o n s  wi th  l i q u i d  d e n s i t y  ( c o r r e l a -  
t i o n  c o e f f i c i e n t  o f  0 . 9 8 ) ,  carbon and p r o t o n  a r o m a t i c i t i e s  ( c o r r e l a t i o n  c o e f f i c i e n t s  
of 0.88 and 0 .91 ,  r e s p e c t i v e l y ) ,  and l i q u i d  carbon r e s i d u e  ( i . e . ,  c o r r e l a t i o n  coef -  
f i c i e n t  of 0 . 8 8  wi th  t h e  Conradson carbon r e s i d u e ) .  
were developed us ing  d a t a  from a t  l e a s t  7 t o  a s  many a s  35 d i s c r e t e  samples .  These 
c o r r e l a t i o n s  have been used t o  develop e m p i r i c a l  models. These f i n d i n g s  demonst ra te  
t h e  p o t e n t i a l  of u s i n g  t h e  l i q u i d ' s  r e f r a c t i v e  index 2 s  I r a p i d  technique t o  ihar.rrc- 
t e r i z e  t h e  f u e l - r e l a t e d  p r o p e r t i e s  of f o s s i l  f u e l  l i q u i d s  genera ted  by p y r o l y s i s  
(before  t h e y  a r e  hydrogenated) .  

INTRODUCTION AND OBJECTIVES 

The Morgantown Energy Technology Center  (METC) r e s u l t s  demonstrated t h a t  r e l a t i v e l y  
h i g h - q u a l i t y  l i q u i d  f u e l s  (low s u l f u r ,  h igh  H/C)  can be  produced by low-temperature  
d e v o l a t i l i z a t i o n  of c o a l  (1,2). P h y s i c a l  and chemical  p r o p e r t i e s  c h a r a c t e r i z a -  
t i o n  of t h e s e  l i q u i d s  has  been t h e  focus of s e v e r a l  s t u d i e s  dur ing  t h e  l a s t  few 
y e a r s  (1-5). 

C o r r e l a t i o n s  based on t h e  d a t a  obta ined  from r e l a t i v e l y  s imple c h a r a c t e r i z a t i o n  
techniques  f o r  p r e d i c t i n g  f u e l - r e l a t e d  p h y s i c a l  and chemical  p r o p e r t i e s  of p y r o l y s i s  
l i q u i d s  would f a c i l i t a t e  t h e  u t i l i z a t i o n  of t h e s e  l i q u i d s  i n  v a r i o u s  p r o c e s s i n g  
schemes. 
t h e i r  u t i l i z a t i o n  b e h a v i o r l p r o p e r t i e s  ( e . g . ,  v i s c o s i t y ,  smoke p o i n t ) .  Measurements 
of molecular  weight  o r  a r o m a t i c i t y  can be  d i f f i c u l t ,  t i m e  consuming, and expens ive ;  
can r e q u i r e  s k i l l e d  o p e r a t o r s ;  and a r e  o f t e n  beyond t h e  resources  of  most smal l  
l a b o r a t o r i e s .  

The c o r r e l a t i o n s  between p r o p e r t i e s  of pe t ro leum l i q u i d s  and t h e i r  r e f r a c t i v e  
i n d i c e s  a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e  (6-8). Sturm e t  a l .  (Ea),  f r a c t i o n a t e d  
t h e  p y r o l y s i s  l i q u i d  genera ted  i n  a r a p i d - r a t e  r e a c t o r  (Coal O i l  Energy Develop- 
ment, COED) i n t o  v a r i o u s  d i s t i l l a t e  c u t s .  I t  was n o t  s t a t e d  a t  what c o n d i t i o n  
hydrogenat ion was e f f e c t e d .  
heteroatom c o n t e n t s  ( e . g . ,  s u l f u r ,  n i t r o g e n )  and t o  improve t h e i r  f u e l  va lue .  

White e t  a l .  (6) compared t h e  r e f r a c t i v e  i n d i c e s  of c o a l  l i q u e f a c t i o n  products  w i t h  
t h e i r  chemical p r o p e r t i e s  ( e . g . ,  molecular  w e i g h t ) .  These r e s e a r c h e r s  a l s o  r e p o r t e d  
an e x c e l l e n t  review of prev ious  work i n  t h i s  a r e a  (6).  

The above and o t h e r  c o r r e l a t i o n s  

P r o p e r t i e s  such  a s  molecular  weight  and a r o m a t i c i t y  of l i q u i d s  i n f l u e n c e  

The COED l i q u i d s  were hydrogenated (8b) t o  remove t h e  
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In previous studies, it was demonstrated by Khan (9) that the pyrolysis liquids gen- 
erated from weathered fossil fuel samples (including coal and oil shale) had higher 
liquid refractive indices than those obtained from unweathered samples. 

The objective of this paper is to illustrate the relationship between the refractive 
indices of pyrolysis liquids and their fuel-related physical (density, Conradson car- 
bon residue) and chemical properties (aromaticity, molecular weight, hydrocarbon 
type, etc.). 

EXF'ERIElENTAL SECTION 

A fixed-bed reactor (slow heating-rate organic devolatilization reactor, SHRODR) was 
used to generate pyrolysis liquids at SOO°C. More details on this reactor system as 
well as the experimental pK0CedUKeS used and the reproducibility of data are avail- 
able ( 1 , 2 , 5 ) .  A range of feedstocks (primarily coal, but also oil shale, and tar 
sand) were devolatilized in this reactor. Coal samples were supplied by the Penn 
State/DOE coal data bank (10). The origin of shale samples (eastern and western) 
and the Pittsburgh No. 8 coal has been discussed elsewhere (9). Tar sand samples 
were procured from the Western Research Institute (WRI). 

Sample preservation and avoidance of air oxidation of samples were key considerations 
to this investigation as reported in previous studies (9,ll-14). 
fresh (well preserved, not weathered) samples was the criterion used for sample 
selection. Some coal samples utilized by Given et al. (15) for an investigation on 
direct liquefaction were selected in this study for comparison. 
coals were used in this study as these are known to yield the highest liquid product 
during pyrolysis (1,3). 
inert atmosphere. 

The refractive index of liquid samples were measured at 20°C by Huffmann Laboratories, 
Inc., applying ASTM D-1218 methods. The refractive index of I-bromonaphthalene was 
measured as a standard before the refractive index of each pyrolysis liquid. The 
refractive index measurement of 1-bromonaphthalene was within t 0.0005 units of the 
reference value (reported by Hoffmann). Conradson carbon residue was determined at 
Saybolt Lab (Pasadena, Texas) using ASTM D-189. The density measurements were 
(reproducible within 2 O.OOOl), also performed at Saybolt at 15.5'C by ASTM D-70. 

The aromaticity of the liquids was measured at the University of North Dakota Energy 
and Minerals Research Center (UNDEMRC) by proton NMR, using the Clutter et al. (16) 
procedure with a Varian XL200 NMR Spectrometer. 'H NMR was used for determination 
of aromaticities. Molecular weights were calculated based on the NMR data applying 
the equation used by Clutter et al. (16). 

Neutral fractions of pyrolysis liquids were generated chromatographically on acti- 
vated alumina. A 20-inch x 3/8-inch column was loaded with 25 g of activated alumina 
(Biorad). A sample of 0 .2  g was charged to the column and the neutral fraction was 
eluted with SO mL of benzene. The benzene was removed from the sample by rotary eva- 
poration. To ensure that the lower-boiling point components of the sample were not 
lost during benzene removal, the benzene was not completely removed from the sample. 
The concentration of the residual benzene was then determined by combined gas chro- 
matography/mass spectrometry (GC/MS) and the final weights of the neutral fractions 
were adjusted to account for the residual benzene. 
from the Column, but was determined by difference. 

The neutral fractions were analyzed using WRI's GC/MS hydrocarbon group type analy- 
sis. A Hewlett-Packard Model 5985B GC/MS system was used. 
SO-meter quartz capillary, coated with methylsilicone, and operated in programmed- 
temperature modes, which optimized the resolution of components. 
mines the composition of the hydrocarbon group by using selected ions that are 

Availability of 

Primarily bituminous 

All sample preparation and handling were performed in an 

The polar material was not eluted 

The CC column was a 

The method deter- 
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r e p r e s e n t a t i v e  of each  hydrocarbon group type  and r e l i e s  on the  gas  chromatographic 
sepa ra t ion  t o  minimize i n t e r f e r e n c e s  from fragment ions  of o the r  hydrocarbon groups .  
The r e s u l t s  from the  ana lyses  a r e  r epor t ed  as  weight percentages  of  t h e  n e u t r a l  
f r a c t i o n s .  The r e s u l t s  a r e  provided a s  weight percentages  of  t h e  t o t a l  sample 
t h a t  was charged t o  t h e  column. The r e s u l t s  f o r  t h e  n e u t r a l  f r a c t i o n s  r e f l e c t  t h e  
ad jus t ed  weights  of  t h e  n e u t r a l  f r a c t i o n s  a f t e r  account ing  f o r  t h e  r e s i d u a l  benzene. 
De ta i l ed  a n a l y s i s  and d i s t r i b u t i o n  of t h e  components i d e n t i f i e d  i n  va r ious  f r a c t i o n s  
w i l l  be p re sen ted  i n  a f u t u r e  communication. 
600°F is o f  i n t e r e s t  because  i t s  p r o p e r t i e s  i s  expected based on l i t e r a t u r e  s t u d i e s  
t o  match t h e  t a r g e t , p r o p e r t i e s  of  t h e  h igh-dens i ty  f u e l s  (17,18).  
combusted i n  a thermogravimet r ic  a n a l y s i s  system (TGA) a t  100°C/min i n  a i r  ( f lowra te  
of  120 cc /min) .  I n  a d d i t i o n  TGA d i s t i l l a t i o n  of  t h e  l i q u i d s  was performed (hea t ing  
r a t e ,  5OC/min, H e  f l o w r a t e  50 cc/min).  S t a t i s t i c a l  Analyses System (SAS) Package 
developed by SAS I n s t i t u t e  was used f o r  d a t a  ana lyses .  The l i n e a r  r eg res s ion  
a n a l y s i s  a v a i l a b l e  i n  t h i s  package was app l i ed  t o  develop empi r i ca l  models (19,ZO). 

RESULTS 

A d e t a i l e d  s tudy  on t h e  i n f l u e n c e  of f eeds tock  type  on p y r o l y s i s  l i q u i d  product  y i e l d  
and composition w i l l  be  p re sen ted  s e p a r a t e l y .  In a d d i t i o n ,  comprehensive c h a r a c t e r i -  
z a t i o n  d a t a  f o r  t h e  l i q u i d s  a r e  t h e  s u b j e c t  of a s e p a r a t e  r e p o r t .  Table 1 p r e s e n t s  a 
summary of equa t ions  used  t o  p r e d i c t  t h e  p r o p e r t i e s  of p y r o l y s i s  l i q u i d s .  

The hydrogen-to-carbon r a t i o  (H/C) of  t h e  p y r o l y s i s  l i q u i d s  i s  an impor tan t  fundamen- 
t a l  p rope r ty  of l i q u i d  f u e l s  t h a t  i n f luences  va r ious  phys ica l  ( e . g . ,  v i s c o s i t y ,  den- 
s i t y )  and chemical ( e . g . ,  molecular  weight ,  a r o m a t i c i t y ,  e t c . )  p r o p e r t i e s .  The 
r e l a t i o n s h i p  (nega t ive )  between t h e  l i q u i d  H/C r a t i o s  and t h e  r e f r a c t i v e  i n d i c e s  of  
t h e  l i q u i d  i n  preseoted iz Fig<;' I A  ( i ~ r r r i a i i o n  c o e f f i c i e n t  of 0 .90) .  The fo l lowing  
r eg res s ion  model was used  f o r  p r e d i c t i n g  t h e  l i q u i d  H/C  r a t i o s :  

The d i s t i l l a t e  cu t  between 300' and 

Liquids  were 

[H/C] = 6.876 - 3.50 n .  1 )  

The r e f r a c t i v e  i n d i c e s  (n) o f  t h e  l i q u i d s  c o r r e l a t e d  wi th  t h e  cor responding  weight 
p e r c e n t  (of t a r )  hydrogen (H) c o n t e n t s  ( c o r r e l a t i o n  c o e f f i c i e n t  = -0.83; F igu re  1B) 
A model de f ined  by  equa t ion  ( 2 ) ,  

H = 57.264 - 30.5 n ,  2 )  

was used t o  p r e d i c t  t h e  hydrogen con ten t s .  

F igu re  2 shows t h e  c o r r e l a t i o n  between t h e  carbon a r o m a t i c i t i e s  (C ) and t h e  
r e f r a c t i v e  i n d i c e s  (n)  f o r  t h e  p y r o l y s i s  l i q u i d s  der ived  from var i%g f o s s i l  f u e l s .  
The c o r r e l a t i o n  c o e f f i c i e n t  between t h e  v a r i a b l e s  was 0 .91 .  The carbon a r o m a t i c i t y  
(Care) could  be p r e d i c t e d  by equa t ion  (3)  u s ing  a l i n e a r  r eg res s ion  f i t :  

Caro = 3.651 n - 5.228. 3) 

The carbon a r o m a t i c i t y  of t h e  same da ta  set  could  h e  p r e d i c t e d  somewhat b e t t e r  w i th  
a two-var iab le  model t h a t  i nc ludes  the  l i q u i d  H/C atomic r a t i o :  

Caro  = 2.887 n - 0.227 (H/C) - 3.71 .  4) 

F igu re  3 compares t h e  p r o t o n  a r o m a t i c i t y  wi th  t h e  r e f r a c t i v e  i n d i c e s  of t h e  l i q u i d s  
( c o r r e l a t i o n  c o e f f i c i e n t  o f  0 .88 ) .  
based on a s i n g l e - v a r i a b l e  model, def ined  by 

The a c t u a l  a r o m a t i c i t y  da t a  can  be p r e d i c t e d  

Haro  = 2.102 n - 3.103. 5 )  

225 

, 



I' 
I 

I 

I 

TABLE 1 

Summary of  P r e d i c t i v e  Equat ions  f o r  Pyro lys i s  Liquids  

Model R2" F P 

1. 

2. 

3. 

4. 

5. 

6. 

(H) = 57.264 - 30.50 n 
(H/C) = 6.876 - 3.50 n 

n = r e f r a c t i v e  index 
H / C  = hydrogen-to-carbon r a t i o  of l i q u i d s  (atomic) 

C = 3.657 n - 5.228 
C::: = 2.887 n - 0.222 (H/C) - 3.71 

Caro = carbon a r o m a t i c i t y  

H = 2.102 n - 3.103 
Haro = 1.739 n - 0.105 (H/C) - 2.39 
H~~~ = n-0.56168 ( ~ / ~ ) - 4 . 4 8 4  

a r o  

Haro = pro ton  a romat i c i ty  

MW = 4383.2 - 2655 n 
MW = 1.332 T50 - 1573.28d + 1589.1 
MW = 1.348 T - 1249.24d + 1234.6 

MW = molecular  weight 
T50 = t empera ture  of  m i d - d i s t i l l a t i o n  p o i n t  (TGA) 
T = t empera ture  of  m i d - d i s t i l l a t i o n  p o i n t  (ASTM D-86) 

d = 1.977 n - 2.08 
d = d e n s i t y ,  gm/cc 

Ccon = 37.75 n - 55.29 

Ccon = Conradson carbon r e s i d u e  

0.70 65.3 0.0001 
0.55 35.4 0.0001 

0.82 131.9 0.0001 
0.86 82.5 0.0001 

0.77 96.8 0.0001 
0.79 50.5 0.0001 
0.9T-* 531.5 0.0001 

0.70 65.3 0.0001 
0.82 9.03 0.033 
0.94 23.0 0.015 

0.97 155.2 0.0001 

0.77 16.5 0.0097 

* R2 measures how much v a r i a t i o n  i n  t h e  dependent v a r i a b l e  can be accounted  f o r  by 
t h e  model ( i . e . ,  independent  v a r i a b l e ) .  

3~ R2 i s  r ede f ined  f o r  t h e  no - in t e rcep t  ca se  by SAS (20). N o t e  t h a t  t h i s  i s  a non- 
l i n e a r  equa t ion .  

The F - r a t i o  is t h e  r a t i o  produced by d i v i d i n g  t h e  mean square  f o r  t he  model by t h e  
mean squa re  of e r r o r .  I t  tests how w e l l  t h e  model a s  a whole ( a f t e r  a d j u s t i n g  f o r  t h e  
mean) accoun t s  f o r  t h e  behavior  of t h e  dependent v a r i a b l e  (20). 

P de f ines  t h e  "observed l e v e l  of s i g n i f i c a n c e . "  In s t a t i s t i c a l  terms, t h e  l e v e l  of  
s i g n i f i c a n c e ,  a ,  of a t e s t  i s  def ined  a s  t h e  p r o b a b i l i t y  of r e j e c t i n g  t h e  n u l l  
hypo thes i s  ( i . e . ,  no l i n e a r  r e l a t i o n s h i p  between t h e  dependent and independent  
v a r i a b l e s )  g iven  t h e  n u l l  hypothes is  i s  t r u e .  
t h a t  would l e a d  to t h e  acceptance  of t h e  n u l l  hypo thes i s .  

P g ives  us the  l a r g e s t  v a l u e  of 0 
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1 The p red ic t ed  model, based  on a two-var iab le  model, can  be  def ined  by the  equa t ion  

Haro = 1.739 n - 0.105 (H/C) - 2.39. 

Pro ton  a r o m a t i c i t y  cou ld  a l s o  be p r e d i c t e d  based  on  t h e  fo l lowing  non l inea r  model 
( s e e  a l s o  Table  2 ) .  

The molecular weights  (MW) of t h e  p y r o l y s i s  l i q u i d s  (determined u s i n g  NMR da ta )  cou ld  
b e  p red ic t ed  from t h e  r e f r a c t i v e  i n d i c e s .  Fo r  example, a s i n g l e - v a r i a b l e  model based  
o n  t he  r e f r a c t i v e  i n d i c e s  of t h e  l i q u i d  could be used f o r  t h i s  p r e d i c t i o n .  This model 
i s  given by t h e  equa t ion  

MW = 4383.2 - 2655 n 7 )  

A two-var iab le  model based  on t h e  l i q u i d  d e n s i t y  (d) and t h e  m i d - d i s t i l l a t i o n  
p o i n t  (T ) could a l s o  b e  used f o r  p r e d i c t i n g  t h e  MW of  t h e  p y r o l y s i s  l i q u i d s  
(Figure 'c) : 

MW = 1.348 Tm - 1249.24d + 1234.6. 8) 

The d i s t i l l a t i o n  d a t a  were ob ta ined  us ing  t h e  ASTM D-86 procedure .  
based  on t h e  same two-var iab le  model ( s i m i l a r  t o  Equat ion  8 )  b u t  t h e  d i s t i l l a t i o n  
d a t a  a re  ob ta ined  from TGA evapora t ion ,  can be de f ined  by t h e  equa t ion  

A new model, 

MW = 1.332 T50 - 1573.28d + 1589.1. 9)  

In ~ b o v e  rq -z t ion ,  Ts0 o i d ~ d s  for rne  m i d - d i s t i l l a t i o n  tempera ture  a s  de te rmined  
by a TGA. The c o r r e l a t i o n  c o e f f i c i e n t  between t h e  r e f r a c t i v e  index  and t h e  d e n s i t y  
(F igure  5) of t h e  l i q u i d s  was 0 .98 .  A l i n e a r  r e g r e s s i o n  f i t  provided  the  fo l lowing  
model: 

d = 1 . 9 7 7  n - 2.08. 1 0 )  

The c o r r e l a t i o n  c o e f f i c i e n t  between t h e  r e f r a c t i v e  i n d i c e s  of  va r ious  d i s t i l l a t i o n  
c u t s  and t h e  cor responding  d e n s i t y  f o r  t h e  COED syncrudes  ( r epor t ed  by Strum e t  a l .  lo) 
was 0.99. c a l c u l a t e d  i n  t h i s  s tudy .  

The c o r r e l a t i o n  c o e f f i c i e n t  between t h e  Conradson carbon (C ) r e s idue  of  t h e  mi ld  
p y r o l y s i s  l i q u i d s  de r ived  i n  t h i s  s tudy  and t h e  r e f r a c t i v e  EBtices of t h e  l i q u i d s  
was 0.88 (F igure  6 ) .  A s i n g l e - v a r i a b l e  model was def ined  by t h e  equa t ion  

Ccon = 37.75 n - 55.29 1 1 )  

A l i q u i d  combustion parameter  (second maximum peak of combustion) measured i n  a t h e r -  
mogravimetric a n a l y s e s  sys tem (TGA) could be  p o s i t i v e l y  c o r r e l a t e d  somewhat with t h e  
r e f r a c t i v e  i n d i c e s  of t h e  l i q u i d s  (da ta  no t  shown). 

The s i g n i f i c a n c e  o f  t h i s  TGA peak i s  n o t  known. I t  may be worthwhile t o  a t tempt  c o r -  
r e l a t i o n s  of  l i q u i d  combustion p r o p e r t i e s  w i th  t h e i r  r e f r a c t i v e  i n d i c e s ,  keeping p r e -  
v i o u s  r e l a t i o n s h i p s  observed  i n  t h i s  s tudy  i n  mind. 

Add i t iona l  c o r r e l a t i o n s  between t h e  r e f r a c t i v e  i n d i c e s  and t h e  p y r o l y s i s  l i q u i d  c h a r -  
a c t e r i z a t i o n  da ta  a r e  p re sen ted  i n  F igures  7 and 8.  F igu re  7 shows a r e l a t i o n s h i p  
between t h e  r e f r a c t i v e  i n d i c e s  of t h e  whole l i q u i d  and t h e  t r i c y c l i c  s a t u r a t e d  com- 
pound (so-ca l led  "high d e n s i t y  fue l s " )  i n  t h e  300° t o  600°F c u t  of t h e  n e u t r a l  f r a c -  
t i o n  of t h e  p y r o l y s i s  l i q u i d s  a s  determined by a GC/MS t echn ique  ( t h e  c o r r e l a t i o n  
c o e f f i c i e n t  of t h e  da t a  s e t  was 0 . 8 ) .  The l i q u i d  d i s t i l l e d  between 300° t o  600'F w a s  
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of  p a r t i c u l a r  i n t e r e s t  because  t h i s  b o i l i n g  range approximates t h e  range o f  JP-8, a 
h igh -dens i ty  a v i a t i o n  f u e l  (17 ,18 ,21) .  The t o t a l  naphtha lenes  con ten t  i n  Cut 2 
( b o i l i n g  between 300° and 600OF) of t h e  p y r o l y s i s  l i q u i d s  p r e s e n t  i n  t h e  n e u t r a l  
f r a c t i o n  could  be d i r e c t l y  c o r r e l a t e d  wi th  t h e  r e f r a c t i v e  i n d i c e s  of t h e  whole 
l i q u i d s  (F igu re  8,  c o r r e l a t i o n  c o e f f i c i e n t  0 .98 ) .  

Conradson carbon r e s idue  (C ) could  h e  c o r r e l a t e d  wi th  t h e  hydrogen con ten t  (cor -  
r e l a t i o n  c o e f f i c i e n t  of - O F @ ) .  
and p ro ton  a r o m a t i c i t i e s  ( c o r r e l a t i o n  c o e f f i c i e n t s  of 0.91 and 0.84, r e s p e c t i v e l y ) .  
Thus,  t h e  observed c o r r e l a t i o n  between t h e  r e f r a c t i v e  index  and C i s  n o t  s u r p r i s -  
i ng .  The observed r e l a t i o n  may r e f l e c t  t h e  w e l l  known f a c t  t h a t  :%matic compounds 
a r e  more s u s c e p t i b l e  t o  coke format ion  du r ing  seve re  hea t  t r ea tmen t .  F igu re  9 com- 
pa res  t h e  ce t ane  index  of t h e  hydrogenated (8b) COED l i q u i d s  d i s t i l l e d  a t  va r ious  
tempera ture  ranges  [ d a t a  from Strum e t  a l .  (8a ) ]  w i th  t h e  cor responding  r e f r a c t i v e  
index .  A summary of  c o r r e l a t i o n s  developed i n  t h i s  s tudy  a r e  p re sen ted  i n  Table  1. 

DISCUSSION 

The r e s u l t s  of  t h i s  s tudy  demonst ra te  t h a t  t h e  r e f r a c t i v e  index ,  used in  pe t ro leum 
l i t e r a t u r e  t o  c o r r e l a t e  f u e l  p r o p e r t i e s ,  i s  a r e l e v a n t  p rope r ty  t o  e v a l u a t e  p y r o l y s i s  
l i q u i d s  de r ived  from c o a l ,  o i l  s h a l e ,  and t a r  sand. I t  is demonstrated t h a t  t h e  
l i q u i d s '  H / C ,  d e n s i t y ,  hydrogen c o n t e n t ,  molecular  weight ,  and a r o m a t i c i t y  c o r r e l a t e  
w i th  r e f r a c t i v e  i n d i c e s  of t h e  p y r o l y s i s  l i q u i d s .  

The r e l a t i o n s h i p  between t h e  r e f r a c t i v e  index  (n) and d e n s i t y  (d) and o t h e r  proper -  
t i e s  ( e . g . ,  Conradson carbon r e s idue )  of t h e  l i q u i d s  i s  c o n s i s t e n t  wi th  our p h y s i c a l  
unders tanding  of t h e  s t r u c t u r a l  p r o p e r t i e s  of hydrocarbons.  P a r a f f i n s  have t h e  high- 
es t  hydrogen con ten t  and tend  t o  have " f l u f f y "  cha in  s t r u c t u r e s  wi th  low d e n s i t i e s .  
For  pure  compounds, t he  lower the  d e n s i t y ,  t h e  lower t h e  r e f r a c t i y e  i n d i c e s .  On t h e  
o t h e r  hand, r e l a t i v e l y  compact c y c l i c  (dense)  a romat ics  a r e  d e f i c i e n t  i n  hydrogen. 
Cyc lopa ra f f in s ,  which a r e  bo th  c y c l i c  and hydrogen s a t u r a t e d ,  r e p r e s e n t  t h e  b e s t  
compromise between d e n s i t y  and hydrogen c o n t e n t  (21) .  

The r e f r a c t i v e  i n d i c e s  of  p y r o l y s i s  l i q u i d s  c o r r e l a t e  w i th  t h e  l i q u i d  H/C r a t i o  
( c o r r e l a t i o n  c o e f f i c i e n t  0 .90)  o r  t h e  hydrogen con ten t s  of  t h e  l i q u i d  ( c o r r e l a t i o n  
c o e f f i c i e n t  0 .86) .  
r a t i o  o r  hydrogen con ten t s  of t h e  l i q u i d s  based on t h e i r  r e f r a c t i v e  i n d i c e s .  

I t  is  n o t  s u r p r i s i n g  t h a t  r e f r a c t i v e  index  c o r r e l a t e s  w e l l  w i th  t h e  l i q u i d  aroma- 
t i c i t y .  An i n c r e a s e  i n  hydrogen con ten t  of  f u e l s  o f t e n  l e a d  t o  a dec rease  i n  aroma- 
t i c i t y .  For  example, benzene wi th  H/C = 1 has  f a  = 1, whi l e  C6Hl2  (cyc lohexane)  w i t h  
H / C  = 2 has f a  = 0. Here,  f a  i s  t h e  p ro ton  o r  carbon a r o m a t i c i t y .  The c o r r e l a t i o n  
c o e f f i c i e n t s  between r e f r a c t i v e  index  and p ro ton ,  o r  r e f r a c t i v e  index  and carbon aro-  
m a t i c i t y  were 0.88 and 0 .91 ,  r e s p e c t i v e l y .  One- and two-var iab le  models were a p p l i e d  
t o  p r e d i c t  t h e  carbon and p ro ton  a r o m a t i c i t i e s  of t h e  p y r o l y s i s  l i q u i d s ,  based  on 
t h e i r  r e f r a c t i v e  i n d i c e s .  

Molecular weights  a r e  fundamental  p r o p e r t i e s  of l i q u i d s .  For  v a r i o u s  c l a s s e s  of pu re  
compounds, r e f r a c t i v e  i n d i c e s  tend  t o  change r a p i d l y  a t  low molecular  weight  h u t  less 
rap id ly  a t  h i g h e r  molecular  weight.  It  appeared  t h a t  r e f r a c t i v e  i n d i c e s  of t h e  pu re  
l i q u i d s  c o r r e l a t e d  wi th  t h e  nega t ive  one-ha l f  power of molecular  weight (da t a  n o t  
shown). I n  t h i s  s tudy ,  molecular  weight  could  be p r e d i c t e d  based on a s i n g l e  ( e . g . ,  
r e f r a c t i v e  index ,  n) o r  a two-var iab le  model [ inc lud ing  d e n s i t y  (d) and tempera tures  
of 50 p e r c e n t  evapora t ion  a s  determined i n  a TGA (Tso) o r  by an ASTM technique  
(ASTM 0-86, Tm)] .  

Ccon a l s o  showed c o r r e l a t i o n s  wi th  t h e  carbon 

I n  t h i s  s t u d y ,  models have been developed- to  p r e d i c t  t h e  H/C 
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SUMMARY AND CONCLUSIONS 

I t  i s  demonstrated t h a t  t h e  r e f r a c t i v e  i n d i c e s  of p y r o l y s i s  l i q u i d s  de r ived  from 
c o a l ,  o i l  s h a l e ,  and t a r  sand se rve  as  a u s e f u l  p r o p e r t y  t o  e v a l u a t e  t h e  f u e l - r e l a t e d  
phys ica l l chemica l  p r o p e r t i e s  of t hese  f u e l s .  The r e f r a c t i v e  i n d i c e s  of t h e  l i q u i d s  
c o r r e l a t e  w e l l  w i t h  t h e  l i q u i d  hydrogen con ten t  (weight pe rcen t )  and t h e  H / C  r a t i o ,  
a romat i c i ty  (carbon and p r o t o n ) ,  molecular  weight ,  d e n s i t y ,  and Conradson carbon 
r e s idue .  A number of e m p i r i c a l  equa t ions  have been developed based on t h e s e  cor re-  
l a t i o n s .  
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FIGURE 1A.  Correlation between the liquid hydrogen-to-carbon ratio and the 
refractive indices of the iiquid: 
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FIGURE 1B. Correlation between the liquid hydrogen content (dry basis) 
and the refractive indices of the liquid. 
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FIGURE 4. Predicted and measured molecular weight based on a two-variable 
model (including density and mid-distillation point (T~o). 
(R2 = 0.93); distillation data obtained by a TGA unit. 
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FIGURE 5 .  The relationship between the density and the refractive indices 
of the pyrolysis liquids (correlation coefficient 0.98). 
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FIGURE 6. The relat ionship between the refractive indices  and the Conradson 
carbon residue (correlation coe f f i c i ent  0 .88) .  
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FIGURE 7 .  Correlation between refractive indices and triaromatic content of 
the l iqu ids  ( i n  Cut 2; i . e . ,  300° t o  600°F fraction o f  the neutral 
posit ion o f  pyrolysis  l iquids)  (correlat ion coe f f i c i ent  of 0 . 8 ) .  
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FIGURE 8. Relationship between the total naphthalene contents of the pyrolysis 
liquids with the refractive indices of the liquids. 
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Pred ic t i on  o f  the Composition o f  Coal Tars from t h e  Py ro l ys i s  Mass Spectra o f  t he  

Tanmoy Chakravarty, Henk L.C. Meuzelaar, P a t r i c k  R .  Jones 
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Parent Coals Using Canonical Cor re la t i on  Techniques 

Biomater ia ls  P r o f i l i n g  Center, Un ive rs i t y  o f  Utah, 

INTRODUCTION 

I n  t h i s  study, we show t h a t  the mass spectrometric composition o f  coal t a r s  can 
be predic ted from the  p y r o l y s i s  mass spectra o f  t h e i r  parent  coals. 
low vo l tage e l e c t r o n  i o n i z a t i o n  mass spectrometry (CuPy-EIMS) was performed on 
nineteen coa ls  and on t h e i r  respect ive py ro l ys i s  l i q u i d s  prepared by means o f  a 
f i x e d  bed reactor  method described elsewhere (1). 
analys is  techniques, t he  spect ra can be c l a s s i f i e d  and under ly ing s t r u c t u r a l  
var iab les responsib le  f o r  the above c l a s s i f i c a t i o n  i d e n t i f i e d .  Furthermore, 
compositional s i m i l a r i t i e s  and d i s s i m i l a r i t i e s  between the s o l i d  samples and t h e i r  
l i q u i d s  can be brought ou t  us ing canonical c o r r e l a t i o n  methods (2) .  Table I l i s t s  
the samples, t h e i r  PSOC numbers, geolog ica l  o r i g i n  and the rank in format ion.  O f  
the nineteen coal samples, two are o f  subbituminous rank, t h ree  of h igh  v o l a t i l e  B 
and C bituminous rank and the  remainder o f  h igh  v o l a t i l e  A bituminous rank. 
coals are from t he  Easte?n/P.ppa!ach;a~ cos! p ~ v i n c s ,  s i x  2i-i. fieoiii t h e  i n t e r i o r  
province and one i s  a Western coal from the Northern Great P la ins  province. 

EXPERIMENTAL 

Cur ie-point  

Using f a c t o r  and d iscr iminant  

Twelve 

D e t a i l s  o f  sample preparat ion and CuPy-EIMS analys is  procedures have been 
described elsewhere (3 ) .  Experimental condi t ions were as fo l l ows :  Cur ie-point  
temperature 610OC; heat ing r a t e  approx. 100 K/s; t o t a l  heat ing t ime 10s; e lec t ron  
energy 12eV; mass range scanned 20-260 amu; scanning r a t e  1000 amu s-1; t o t a l  
scan t ime approximately 10s. 
spectra recorded and s tored by computer (IBM 9000). 

Data Processing 

analysis. The reason f o r  t h i s  i s  t h a t  the low mass range va r iab les  are not  
su i tab le  f o r  c o r r e l a t i n g  the coals  w i t h  t h e i r  t a r s  because o f  t he  l o s s  o f  low 
molecular weight  v o l a t i l e  products i n  the f i x e d  bed reactor .  
se ts  cons is t i ng  o f  1 7 1  va r iab les  were preprocessed, normalized and f a c t o r  and 
d i sc r im inan t  ana lys i s  performed (4,5). 
be s i g n i f i c a n t ,  accounting f o r  55% o f  the variance i n  the  coal  data and 53% 
variance i n  the  t a r  data, respec t i ve l y .  

canonical c o r r e l a t i o n  ana lys i s  was done. Two canonical v a r i a t e s  were obtained w i t h  
c o r r e l a t i o n  c o e f f i c i e n t s  >0.9. The two canonical va r ia tes  f o r  the coal data set 
accounted f o r  35% o f  t h e  t o t a l  variance; whereas 30% o f  the t o t a l  variance was 
accounted f o r  by the  two canonical va r ia tes  f o r  the t a r  data se t .  

checked. The scores o f  the "unknown" sample were p ro jec ted  i n  the canonical 
v a r i a t e  space and t h e  p y r o l y s i s  mass spectra o f  these unknown samples were then 

Each sample was analyzed i n  t r i p l i c a t e  and the 

Mass va r iab les  w i t h  m/z values higher than 90 were se lected f o r  m u l t i v a r i a t e  

The remaining data 

Four d i sc r im inan t  f unc t i ons  were found t o  

Using four d i sc r im inan t  f unc t i ons  from both the coal and the  t a r  data sets ,  

Using a " j a c k k n i f i n g "  procedure the topology o f  the canonical v a r i a t e  space was 
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pred ic ted  by c a l c u l a t i n g  a d is tance weighted average from the spect ra o f  the two 
nearest neighbors. 

Methods and Procedures 

A b r i e f  desc r ip t i on  o f  the methodology and mathematical r a t i o n a l i z a t i o n  i s  
g iven below. Factor ana lys i s  ( 6 )  i s  an e f f i c i e n t  way o f  reducing a data s e t  ( t h e  
data i s  genera l l y  preprocessed t o  form a c o r r e l a t i o n  m a t r i x ) .  
describes the  maximum co r re la ted  variance i n  the data se t ,  the second (orthogonal 
t o  the f i r s t )  the maximum o f  the res idua l  co r re la ted  variance, e tc . :  

The f i r s t  f a c t o r  

F j  = a l j z l  + az jzz + ... + amjzm 1) 

where F j  i s  f a c t o r  . 
va r iab le  z i  t o  the S i c t o r .  

The scores, i .e . ,  the con t r i bu t i ons  o f  the spect ra t o  the fac to rs ,  are obta ined 
by s u b s t i t u t i n g  the  i n t e n s i t i e s  o f  the mass va r iab les  i n  the spect ra f o r  z i .  
r e l a t i o n s h i p  between the data ma t r i x  D ( s i z e  s x m where s i s  the number o f  spect ra 
and m i s  t he  number o f  mass va r iab les )  and the ca l cu la ted  f a c t o r  ma t r i x  i s :  

w i t h  loading a i j ,  which describe the c o n t r i b u t i o n  o f  the 

The 

D = S x F  2)  

where S i s  the score ma t r i x  ( s i z e  s x n, n = number o f  f a c t o r s )  and F ( s i z e  n x m) 
contains t h e  fac to rs .  The scores i n  the  p r i n c i p a l  component analys is  are 
ca lcu lated i n  the f o l l o w i n g  way: 

S = D x (E x /\-1/2) 3 )  

where S conta ins the standardized scores (mean i s  zero, standard dev ia t i on  i s  l), 
and D the standardized data ma t r i x .  E i s  the orthonormal eigenvector f o r  ma t r i x  Z 
= l / s  DTD, w i t h  the eigenvalues given i n  /\. 

t h i s  r e l a t i o n :  
The standardized data matr ix ,  D, can be reconst ructed from the scores us ing 

D = S x (E x /\-lIZi-l 
= S x ( E - l  x /\l/ ) 

S x (ET x /\1/2) 
= standardized scores * f a c t o r  loadings 4) 

I 

I 

The score o f  an unknown sample, de f i ned  i n  terms o f  a standardized data ma t r i x ,  can 
be p ro jec ted  us ing Equation 3 .  S i m i l a r l y ,  the p ro jec ted  unknown score, based on a 
t r a i n i n g  data se t ,  can be used t o  p r e d i c t  a standardized data ma t r i x  ( i n  t h i s  case 
o f  the unknown sample) us ing Equation 4. The f a c t o r  loadings, before being used i n  
Equation 4, have t o  be transformed t o  the canonical v a r i a t e  space by us ing  the 
canonical v a r i a t e  ma t r i x .  

RESULTS AND DISCUSSION 

The r e s u l t s  w i l l  be discussed under two separate subheadings; canonical 
c o r r e l a t i o n  r e s u l t s  and p r e d i c t i o n  r e s u l t s .  

Canonical Cor re la t i on  Results 

Canonical v a r i a t e  scores ( C V I  vs. CVI I )  f o r  the two data se ts  are p l o t t e d  i n  
Figure 1. The r e s u l t  shows t h a t  the data i s  p r i m a r i l y  two-dimensional. The 
c l u s t e r i n g  o f  the samples suggests t h a t  t he  I n t e r i o r  hvb coals (samples #15, 16 and 
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17, Table I )  are more a l i k e  i n  composition than the Eastern hvb coals. The s u b b i t  
C Upper Block Ind iana coal (sample #7) i s  d i f f e r e n t  from the subb i t  A coal o f  t he  
Northern Great P la ins (sample #18). The Lower K i t t a n i n g  coal from West V i r g i n i a  
(hvAb, sample #9) and the Lower Banner V i r g i n i a  coal (a l so  hvAb, sample #6) do n o t  
f a l l  close t o  the c l u s t e r  w i t h  other  hvAb coals .  Although the  Lower Banner coal 
has been found t o  be d i f f e r e n t  from other  hvAb coals  pe t rog raph ica l l y ,  s i m i l a r  data 
i s  unavai lab le f o r  t he  Lower K i t t a n i n g  coal. 

t h a t  f o r  t h e  coal data;  the scores o f  the coal and the  t a r  are very close i n  t h i s  
two-dimensional canonical v a r i a t e  space. The c lose r  the score o f  the t a r  sample t o  
t h a t  o f  t he  coal, t he  more a l i k e  t h e i r  spec t ra l  pa t te rns  are. The average r e l a t i v e  
dev iat ion between the  coal and t a r  scores i s  10% i n  the  d i r e c t i o n  o f  C V I  and 25% i n  
the d i r e c t i o n  o f  C V I I  ( t h i s  i s  r e l a t e d  t o  the  unce r ta in t y  i n  the predic ted 
composition). Based on t h i s  canonical score p l o t ,  i t i s  poss ib le  t o  p r e d i c t  the 
composition o f  the coal  t a r s  s t a r t i n g  from the Py-MS pa t te rns  o f  the coals w i t h  t h e  
help o f  Equation 4. 

score o f  t h e  unknown sample i n  the canonical v a r i a t e  space o f  the coal data set .  
Two samples were se lected f o r  j a c k k n i f i n g  t e s t s  - one from each marked c l u s t e r  
represent ing coals  o f  d i f f e r e n t  rank and o r i g i n  (samples #16 and 2, respec t i ve l y ) .  
Figures 2 and 3 show t h e  score p l o t s  f o r  the f i r s t  two canonical va r ia tes  w i t h  the 
score o f  t h e  p a r t i c u l a r  unknown sample pro jected.  The topology o f  t he  C V I / C V I I  
space i s  preserved i n  both cases (F igures 2 and 3 ) ;  t he  p ro jec ted  score o f  the 
p a r t i c u l a r  sample f a l l s  almost i n  the  same l o c a t i o n  as i f  it were a p a r t  o f  t he  
data set. 

The c l u s t e r i n g  p a t t e r n  o f  t he  corresponding t a r  data s e t  i s  almost the same as 

As mentioned before,  the p r e d i c t i o n  i s  based on t h e  l o c a t i o n  o f  t he  p ro jec ted  

Predic t ion Results 

Because the  p ro jec ted  score o f  t he  j ackkn i fed  sample l i e s  i n  the same space as 
the o r i g i n a l  data set ,  we have used a simple technique t o  p r e d i c t  t he  mass spect ra 
o f  the se lected samples. For example, the spectrum o f  sample #16 i s  der ived from 
the d is tance weighted averaging o f  those o f  samples 15 and 17 (F igure 2). 
S im i la r l y ,  the spectrum o f  sample #2 i s  der ived by weighted averaging o f  those o f  
samples 4 and 14 (F igu re  3) .  

Since some coal and t a r  components are n o t  s t r o n g l y  represented i n  t h i s  space 
the d is tance weighted averaging method makes the assumption t h a t  c l u s t e r i n g  
behavior observed i n  canonical c o r r e l a t i o n  space i s  representat ive o f  ove ra l l  
c l us te r i ng  tendencies. This assumption can and should be v e r i f i e d  by inspect ion o f  
c l u s t e r i n g  behavior i n  mult idimensional f a c t o r  space. 

t a r ,  and the  p red ic ted  t a r .  Most o f  t he  components present i n  the coal spectrum, 
Figure 4a, are a l so  seen i n  the  t a r  spectrum, F igure 4b. For example, the mass 
peaks a t  m/z 94, 108, 122 ("phenols"), 110, 124, 138 ("dihydroxybenzenes"); 142, 
156, 170, 184, 198 ("naphthalenes"); 168, 182, 196, 210, 224 ("acenaphthenes") and 
178, 192, 206 ("phenanthrenes/anthracenes") are a l l  found i n  both the coal and the 
t a r  spectra. The d i f f e rences  between these two spect ra should a l so  be noted here. 
The higher molecular weight  masses a l l  have s t ronger  s igna ls  i n  the  t a r  spectrum, 
and the pa t te rns  o f  t he  components such as naphthalenes (m/z 142, 156, 170, 184), 
acenaphthenes (m/z 168, 182, 196) and anthracenes (m/z 178, 192, 206) are d i f f e r e n t  
i n  the  t a r  spectrum. The naphthalene se r ies  reaches i t s  maximum a t  a t  m/z 156 i n  
the coal spectrum, and a t  m/z 170 i n  the t a r  spectrum; s i m i l a r  s h i f t s  i n  the 
r e l a t i v e  i n t e n s i t y  p a t t e r n s  are observed f o r  o the r  components mentioned above. The 
predic ted spectrum, F igure 4c, shows t h a t  it preserves the spect ra l  subpatterns o f  
the i n d i v i d u a l  components. 

Figure 4a, b, c shows the  spectra o f  t he  I L  #6 coal ,  t h a t  o f  the corresponding 

Also note t h a t  t h e  r a t i o  o f  the peak heights  between 
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and within separate components in the original tar spectrum (Figure 4b) and the 
predicted spectrum (Figure 4c) is alike. 

Pennsylvania, of the corresponding tar, and of the predicted tar. In this case the 
spectral subpatterns of the important components are markedly different between the 
coal and the tar. Nevertheless, when comparing Figures 5b and 5c the predicted and 
measured tar patterns show a very high degree of similarity and are distinctly 
different from the corresponding patterns in Figure 4. 

CONCLUSIONS 

Figure 5a, b, c shows the spectra o f  a typical Eastern hvAb coal from 

The data presented here demonstrate that pyrolysis mass spectrometry in 
combination with canonical correlation analysis enables modeling and prediction of 
complex coal conversion processes such as the fixed bed liquefaction method. To 
the best of our knowledge this represents the first time that the chemical 
composition of coal-derived liquids has been predicted directly from feed coal 
characterization data. Moreover, the method is completely general and can be 
applied to all coal characterization data (whether obtained by conventional or by 
advanced spectroscopic techniques) and coal conversion processes in which the end 
products have been carefully characterized. 

A shortcoming of the present study is the lack of a sufficiently large number 
of feed coal/coal tar pairs to allow adequate modeling and prediction o f  coal 
conversion behavior for more than two coal clusters. Also, a somewhat simplistic 
method was used to calculate predicted tar spectra based on a distance weighted 
average of the two nearest neighbors in a two-dimensional canonical correlation 
space. 
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TABLE I 
GEOGRAPHICAL ORIGIN AN0 RANK INFORMATION OF NINETEEN COAL SAMPLES 

SERIAL k 

10 
11 
12 
13 
14 
15 

17 

19 

PSOC # 

1481 

375 
267 

1472 

i469 
123 

1471 
306 
296 

1475 
275 

1492 

1323 
181 

1520 

GEOLOGICAL INFORMATION RANK INFORMATION 

Eastern/Appalachian, OH #6 hvAb 
i b i d ,  Upper C l a r i o n  hvAb 
i b i d ,  Wellmore #8 hvAb 
i b i d ,  Hazard #9 hvAb 
i b i d ,  Cl intwood hvAb 
i b i d ,  Lower Banner hvAb * 
i b i d ,  Arkwr ight  hvAb 
i b i d ,  Mary Lee hvAb 
i b i d ,  Lower K i t t a n i n g  hvAb 
i b i d ,  Pee Wee hvAb 
i b i d ,  OH #12 hvAb 
i b i d ,  OH #5 hvAb 
i b i d ,  Elkhorn #3 hvAb 
i b i d ,  OH #6A hvAb 
In te r i o r /Eas te rn ,  IL#5 hvBb 
i b i d ,  IL#6 hvCb 
i b i d ,  IL#6 hvCb 
i b i d ,  Upper Block sub. A 
N.  Great P la ins /Fo r t  Union, Wyodak sub. C 

b. 
18 18 

b. 
19 19 

Figure 1. 
Note t h a t  on l y  the  means of t he  th ree  scores f o r  each category are p l o t t e d .  

Score p l o t  i n  the  C V I / C V I I  space f o r  both t h e  coal  and t h e  t a r  samples. 
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3.3 1 

0 
18 

19 

-1.9 I I t 
2.0 -'.' Canonical ~ar iate1(20.3% variance) 

Figure 2. 
i n  the CVI/CVII space. Note the  pro jec ted  score o f  sample #16 (marked by *).  

E f f e c t  o f  removing sample #16 from the  coal data se t  on t h e  score p l o t  

0 
19 

-1.7 2.0 
Canonical Variate I (18.2% variance) 

Figure 3. 
i n  the CVI/CVII space. 

E f f e c t  o f  removing sample #2 from the  coal data s e t  on the  score p l o t  
Note the  p r o j e c t e d  score o f  sample #2 (marked by * ) .  
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b 

F i g u r e  4. P y r o l y s i s  mass spectrum o f :  ( a )  I l l i n o i s  #6 hvCb c o a l ;  ( b )  d i r e c t  probe 
mass spectrum o f  t h e  cor responding  t a r ,  and ( c )  m a t h e m a t i c a l l y  p r e d i c t e d  spectrum. 

a 

C 

MI.? 
F i g u r e  5.  P y r o l y s i s  mass spectrum o f : ( a )  Upper C l a r i o n  hvAb c o a l ;  ( b )  d i r e c t  probe 
mass spectrum o f  t h e  cor responding  t a r ,  and ( c )  m a t h e m a t i c a l l y  p r e d i c t e d  spectrum. 
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PYROLYSIS OF C O M P O U N D S  CONTAINING 
POLYCYCLIC AROMATIC MOIETIES  

MINOO JAVANMARDIAN, PATRICK J. SMITH, AND PHILLIP E. SAVAGE 

DEPARTMENT OF CHEMICAL ENGINEERING 
UNIVERSITY OF MICHIGAN 
ANN ARBOR, M I  48109 

I N T R O D U C T I O N  

Coal is thought to exist in a complex, crosslinked, macromolecular framework in which polycyclic 
moieties are covalently linked together by aliphatic and heteroatomic bridges (1-3). The condensed aromatic 
groups can also bear peripheral, non-bridging moieties, including long aliphatic chains (4). 

The pyrolysis of numerous compounds mimicking these structural features has provided considerable 
insight to the thermal reactions of coal. Previous pyrolyses were typically of cornpounds containing a single 
aromatic ring, which was intended to mimic the more massive condensed aromatic moieties in coal. It is 
possible, however, that single-ring compounds might not display the same reaction pathways and kinetics as 
otherwise identical compounds containing polycyclic aromatic moieties. 

One difference between a single aromatic ring and the condensed aromatic moieties in coal is their 
siaes. Thia difference suggests that the model-compound-derived free radicals could be considerably more 
mobile than their coal-derived counterparts. To probe the influence of radical mobility on pyrolysis pathways 
Poutsma and coworkers (5-7) pyrolysed coal model compounds immobilized on silica surfaces. They found 
that surface immobilisation can lead to an enhancement of unimolecular pathways relative to bimolecular 
ones. 

In an attempt to gain additional insight into the fundamentals of coal pyrolysis, and particularly the 
effects of condensed aromatics, we recently initiated experiments with compounds containing polycyclic 
aromatic moieties, which better represent the aromatic clusters in coal than do single-ring compounds. 
In this paper, we report on the pyrolysis of two compounds; 2-(S-phenylpropyl)-naphthalene (PPN), and 
1-dodecylpyrene (DDP). 

E X P E R I M E N T A L  

PPN and DDP were pyrolyzed a t  isothermal temperatures between 350 and 425% for batch holding 
times between 10 and 180 min. 

Materials. 
All chemicals were obtained commercially; LDodecylpyrene (DDP) from Molecular Probes and 2-(3- 

phenylpropyl)-naphthalene (PPN) from API Standard Reference Materials, and used as received. The nom- 
inal purity of each compound w a  > 9976, and this was confirmed by GC analysis. PPN pyrolyses were 
accomplished in 1.5 x 100 mm Kmax glass capillary tubes, and DDP pyrolyses were in nominal 3/8" tubing 
bomb microreactom. The latter reactors were fashioned from a single Swagelok stainless steel port connector 
and two caps. The glass reactors were not routinely used with DDP because it is a fluffy solid and was 
difficult to load into the small diameter tubes. However, one experiment was done in a glass reactor t o  verify 
the absence of catalysis by the stainless steel surfaces in the tubing bomb microreactor. 

Procedure.  
The tubing bomb microreactom were typically loaded with about 10 - 30 mg of DDP and then about 10 

mg of biphenyl was added to serve as an internal standard in the chromatographic analyses. All quantities 
were carefully (* 0.1 mg) weighed. The glass capillary tubes used for PPN pyrolyses were typically charged 
with 10 p1 of a previously prepared stock solution containing the model compound and the internal standard. 
The reactors were then sealed and immersed in a preheated, fluidised sand bath. After the desired reaction 
time had elapsed, the reactors were removed from the sand bath, rapidly cooled to room temperature 
to quench the reaction, and then opened. Reaction products were extracted in spectrophotometric grade 
acetone and analyzed by GC and GC-MS. Molar yields were calculated as the number of moles of product 
divided by the number of moles of reactant initially charged to the reactor. 
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R E S U L T S  

I The experimental results are presented primarily as the temporal variations of the products' molar yields. 
Tables I and I1 provide representative results for PPN and DDP, respectively, at  each of the temperatures 
investigated. Based on the reproducibility of the results we estimate the uncertainty in product molar yields 
for PPN and DDP to  be roughly f 10% and f 25%, respectively. 

i 
I 

PPN Pyrolysis. 

PPN pyrolysis a t  35O0C yielded toluene, styrene, %methylnaphthalene, and Zvinylnapththalene as the 
major products, and at  60 min traces of ethylbensene and 2ethylnaphthalene were also detected. GC-MS 
analysis of the reaction products permitted tentative identification of two additional minor products as 2- 
isopropylnaphthalene and 1,3diphenylpropane. The pseudc-hrat-order rate constant for PPN disappearance 
was 0.007 min-'. 

Figure 1, which displays the temporal variation of the major products from PPN pyrolysis at  375"C, 
shows that the yields of toluene and %methylnaphthalene increased steadily throughout the 60 min reaction. 
The yields of styrene and 2-vinylnaphthalene decreased with holding time. The yields of ethylbenzene and 
2-ethylnaphthalene were zero at short times, but they reached 6.2% and 8.5%, respectively at 60 minutes. 
The pseudc-hrat-order rate constant for PPN conversion at  375°C was 0.028 min-'. 

PPN pyrolysis a t  400OC proceeded rapidly and was essentially complete at  60 min. Toluene and 2- 
methylnaphthalene were the major products, but the yields of ethylbenzene and 2-ethylnaphthalene were 
also substantial. The product alignment at 60 min was toluene (52%), 2-methylnaphthalene (48%), 2- 
ethylnaphthalene (19%), ethylbensene (19%), styrene (0.8%), and Zvinylnaphthalene (< 0.1 %). The 
pseuddrst-order rate constant was 0.076 min-'. 

Figure 2 presents the variation of the major products' molar yields with PPN conversion. Toluene and 
2-vinylnaphthalene were present in nearly equal yields at low conversions. The yield of toluene increased 
to roughly 50% a t  complete conversion, whereas the yield of Zvinylnaphthalene went through a maxi- 
m a n  d i i e  (J.G%) aud ihen decreased to 0. The yield of Zethylnaphthalene was very low at conversions 
c 30%, but it increased rapidly at  very high conversions. The yield of %methylnaphthalene increased steadily 
with conversion to an ultimate value of nearly 50%. The yield of styrene, like that of 2-vinylnaphthalene, 
exhibited a maximum value and then decreased to sero. Finally, the yield of ethylbensene was very low for 
conversions less than SO%, but it increased to 19% when conversion was nearly complete. 

The disappearance of PPN correlated well with &st-order kinetics, and the Arrhenius parameters for 
the pseudo-hst-order rate constant were (log1oA (sec-I), E' (kcal/mol)] = [10.0, 39.8). 

DDP Pyrolysis. 

DDP pyrolyses led to pyrene, methylpyrene, dodecane, nonane, and undecene as the major products a t  
short reaction times. Minor products included series of n-alkanes (Ce - Cia), a-olefins 
(Ce - Cia), and alkylpyrenes. GCMS analysis revealed the presence of a compound tentatively identi- 
fied as pyrenylpropene. No other pyrenylalkenes were present in yields sufficiently high to be quantified. 
In addition to the molecular products noted above, an acetone-insoluble char formed as a result of DDP 
pyrolysis. 

The yields of each of the major products from DDP pyrolysis at  375°C increased with batch holding 
time. The ultimate yields of pyrene, dodecane, nonane, methylpyrene, and undecene were 52%, 28%, 7.0%, 
6.7%, and 1.4%, respectively, at I80 min. The yields of several n-alkanes and ethylpyrene increased more 
rapidly than did the yield of undecene, and these products were more abundant than undecene at the more 
severe conditions. 

The major products from DDP pyrolysis at 4OO"C and at short times were pyrene, dodecane, 
methylpyrene, nonane, and undecene. At longer batch holding times the yields of some n-alkanes increased 
and surpassed the undecene yield, which reached a maximum value of 1.9% at 60 min. The yields of pyrene, 
dodecane, nonane, and methylpyrene increased with time and achieved ultimate values of 49%, 32%, 9.4%, 
and 8.390, respectively at 180 min. 
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DDP pyrolysis at 425% was rapid and essentially complete a t  45 min. The major products at short 
reaction times were the same as those observed at the lower temperatures, and Figure 3 displays the tem- 
poral variation of their yields. The yields of pyrene, dodecane, nonane, and methylpyrene were relatively 
time invariant after 60 minutes, and their ultimate values were approximately 49%, 2596, lo%, and IO%, 
respectively. Undecene, on the other hand, exhibited a maximum yield of 3.1% at 15 min and then its yield 
decreased to undetectable levels a t  120 min. 

Figure 4 displays the distribution of allranes and olefins produced from DDP pyrolysis at 425OC and 
17 min. The alkane distribution exhibits a peak at nonane (Cp) and a higher one at dodecane (C,,). The 
olefink products were relatively evenly distributed with the exception of the high undecene yield. Note that 
with the exception of C11, alkanes were present in yields higher than the corresponding olefins. 

D I S C U S S I O N  

PPN Pyrolysis. 
Figure 2 shows that the product pairs toluene plus Zvinylnaphthalene and %methylnaphthalene plus 

styrene were present in nearly equal yields at low conversions. This is consistent with the formation of each 
product pair in a common reaction step. Furthermore, the non-sero initial slopes apparent in the molar 
yield vs. time curyes (Le., Figure 1) for each of these four products indicates that these are primary reaction 
products. On the other hand, the initial slopes associated with 2-ethylnaphthalene and ethylbensene are 
zero, thus these are secondary products. That the yields of 2-vinylnaphthalene and styrene go through a 
maximum and then decrease to zero is consistent with their participating in secondary reactions. Toluene 
and %methylnaphthalene were apparently stable at the temperatures studied. 

These observations combine to  suggest the reaction pathway shown in Figure 5 for PPN pyrolysis. The 
nearly equal yields of 2-methylnaphthalene and toluene (e.g., both were nearly 50% at essentially complete 
PPN conversion) indicate that the stoichiometric coefficients u1 and y are both approximately equal to 0.5. 

The primary pyrolysis pathway deduced for PPN is essentially the same as that reported for 1,3- 
diphenylpropane (8-lo), the single-ring analogue of PPN. This suggests that, in this instance, substituting 
a naphthyl for a phenyl moiety does not detectably alter the operative reaction pathways or the reaction 
mechanism. Note however that this is not true of the reaction rates. The pseudo-first-order rate constants 
for PPN reported here were 4-10 times as high as pseudo-first-order rate constants determined from data 
presented by Poutsma and Dyer (8) for the liquid-phase pyrolysis of diphenylpropane. [Note: diphenyl- 
propane pyrolysis was reported to be 3/2 order (8,9) thus the calculated pseudc-firsborder rate constants 
are the product of the intrinsic rate constant and the square root of the concentration. We used the highest 
reaction rates reported (e.g., for liquid-phase pyrolyses) to calculate pseudo-first-order rate constants for 
diphenylpropane.] 

DDP Pyrolysis. 
Some aspects of DDP pyrolysis are consistent with previous results from the thermal crackiig of do- 

decylbenzene (11,12) and other long-chain n-alkylbensenes (13J4). Dodecylbenzene pyrolysis (11, 12) was 
via a free-radical mechanism, and the two pairs of major products, toluene plus undecene and styrene plus 
decane, arose from 8-scission of a 7 and an a-dodecylbenzene radical, respectively. The minor products 
comprised complete series of n-alkanes, a-olefins, alkylbenzenes, and phenylalkenes. Only traces of benzene 
were detected. 

Methylpyrene 
and undecene were present in relatively high yields at mild reaction conditions, and these are the expected 
ultimate products from 8-scission of a 7-DDP radical. Similarly the product pair nonane plus pyrenylpropene 
could have been formed via 8-scission of a p-DDP radical. Finally, as observed in dodecylbensene pyrolysis, 
series of alkanes and olefins and some alkylaromatica were produced as minor products from DDP pyrolysis. 

Although some aspects of DDP pyrolysis parallel those of its single-ring analogue, there are several 
interesting differences. The appearance of pyrene and dodecane as the major products from DDP pyrolysis 
indicates that rupture of the aryl-alkyl C C  bond was facile. This is not expected on the basis of the free- 
radical reaction mechanism proposed (12) for dodecylben~ene because this C-C bond is the strongest in the 

Elements of similar free-radical reactions appear to be operative in DDP pyrolysis. 
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alkyl chain and hence most resistant to cleavage. Furthermore, the alkane distribution for DDP pyrolysis 
showed a peak at n-nonane, but no such preferential formation of nonane wan observed in the pyrolysis of 
n-alkylbensenes (11-14). 

Finally, pyrene and dodecane together contain more hydrogen than the reactant, DDP. Thus formation 
of these ad major products requires the simnltaneous formation of hydrogen-deficient products in relatively 
high yields. GC analyses revealed no auch products, thos we conclude that the experimentally observed, 
acetone-insoluble char wan the a o m e  of this hydrogen. 

SUMMARY AND CONCLUSIONS 

The pyrolytic pathway for PPN was identical to that of its single-ring analogue, 1,bdiphenylpropane. 
The apparent firat-order kinetics of PPN disappearance were 410 times more rapid however. On the other 
hand, both the pathways and kinetics of DDP pymlysin dflered from those of its single-ring analogue, 
dodecylbensene. The major products of DDP pyrolysis, pyrene and dodecane, indicate that bond cleavage 
occurred predominantly at the ring, whereas the primary pathwaya in dodecylbensene pyrolysis involved 
cleavage of the covalent bonds between the o and p carbons and the ,9 and 7 carbonn to produce toluene 
plus undecene and styrene plua decane, respectively. The results of this study demonstrate that the thermal 
reaction pathways and kinetics of compounds containing condensed aromatic moieties can dXer from those 
of their aingle-ring analogues. 
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TABLE I Yields (%) of Major Products *om PPN Pyrolysis 

SSWC S7S°C 400% 

TIME(min) + 10 31 61 11 30 60 20 30 60 

Toluene 2.0 5.7 10. 7.8 20. 35. 39. 44. 52. 
Ethylbensene - 0.6 - 1.5 6.2 6.9 11. 19. 
Styrene 1.9 3.5 3.0 10. 6.0 4.1 7.1 4.5 0.8 

?-Ethylnaphthalene - 1.0 - 2.4 8.5 9.7 14. 19. 

PPN 88. 78. 64. 77. 44. 20. 15. 8.4 1.1 

2-Methylnaphthalene 2.2 6.2 11. 8.2 21. 35. 39. 43. 48. 

2-Viylnaphthalene 1.8 2.1 2.1 3.5 2.9 1.5 2.8 1.2 - 

TABLE 11: Yields (%) of Major Products from DDP Pyrolysis 

TIME (min) - 
Hexene 
Hexane 
Heptene 
Heptane 
Octene 
Octane 
Nonene 
Nonane 
Decene 
Decane 
Undecene 
Undecane 
Dodecene 
Dodecane 
Pyrene 
Met hylpyrene 
Ethylpyrene 
Pyreny lpropene 
DDP 

60 

0.4 

1.4 

0.7 
0.8 
0.5 

4.5 
8.6 
2.0 
0.7 

69. 

, 

S76"C 

120 180 30 

- -  
- 1.1 

1.2 1.7 0.5 

4.9 7.0 2.8 

1.6 2.3 1.5 
1.2 1.4 1.8 
2.0 3.5 0.8 - 0.6 
19. 28. 9.6 
46. 52. 17. 
6.3 6.7 3.6 
2.2 2.1 1.6 

2.2 
68. 36. 46. 

- -  
- -  
- -  

40WC 

90 180 

1.5 2.6 

1.3 2.2 

2.0 3.2 

7.7 9.4 

3.6 4.5 
1.2 - 
4.9 6.5 
0.6 - 
28. 32. 
40. 49. 
5.5 8.3 
1.9 1.8 

4.8 - 

425OC 

11 60 120 

- 1.3 1.5 - 4.1 8.5 
- 1.1 1.5 - 3.2 5.6 
- 0.9 0.8 
- 4.0 5.9 
- 0.7 0.6 
2.6 10. 13. 
- 0.6 0.6 
2.0 5.5 6.9 
2.5 1.1 - 
- 6.4 7.7 
- 0.9 - 
6.9 25. 28. 
12. 48. 50. 
4.4 10. 10. 
2.4 2.5 1.7 
1.9 - - 
51. - - 

Note: - indicatea product yields too low to be determined quantitatively 
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FIGURE 1:  TEMPORAL VARIATION OF PRODUCT YIELDS 
FROM P P N  PYROLYSIS AT 3 7 5 C  
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FIGURE 2: VARIATION OF PRODUCT YIELDS WITH PPN CONVERSION 
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FIGURE 3: TEMPORAL VARIATION OF PRODUCT YIELDS 
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PYROLYSIS OF A BINARY HYDROCARBON MIXTURE: 
IZXACTION MODELING 

PHILLIP E.  SAVAGE 

DEPARTMENT OF CHEMICAL ENGINEERING 
UNIVERSITY OF MICHIGAN 
ANN ARBOR, MI 4 8 1 0 9  

I N T R O D U C T I O N  

Numerous pyrolyses of coal model compounds (e.g., refs 1-5) have provided substantial insight into the 
thermal reactions of the moieties they mimicked. The results of experiments with single compounds, however, 
provide no information about the interactions that can occur between the distinct chemical components in 
complex reactants such as coal. Because an active center (e.g., free radical) derived from one chemical 
moiety can react with a second, different moiety, reaction pathways that are important for the pyrolysis 
of a single model compound might not be equally important for the modekompound-like moiety in a coal 
macromolecule. Conversely, pathways unobserved in single-component pyrolyses might be operative in coal 
pyrolysis. 

Previous reports of the pyrolysis of binary mixtures of high-molecular-weight compounds, though few 
(6), demonstrated that reactions between active centers derived from the two different compounds or between 
an active center from one compound and the second compound itself can affect the reaction rates, product 
selectivities, and reaction pathways. Zhou and Crynes (7), for example, pyrolyzed isomeric ethylphenols in 
dodecane and found that ethylphenol inhibited the rate of dodecane cracking and that dodecane accelerated 
the rate of ethylphenol conversion. They postulated that the interactions between the ethylphenol-derived 
and dodecanederived radicals were considerable and were responsible for the differences between the pure 
compound and copyrolysis results. Allen and Gavalas (8) reported that the rate of decomposition of methy- 
lene and ether bridges in coal model compounds was enhanced when the compounds were pyrolyzed in 
1,2-dihydronaphthalene (dialin). They suggested that an aromatic displacement reaction with atomic hy- 
drogen (formed from dialin decomposition) was responsible for the accelerated bridge decomposition. 

To gain additional insight into the pyrolysis of binary mixtures of high-molecular-weight compounds, 
5 reaction model has been developed to simulate the copyrolysis of tetradecylbenzene (TDB) and dode- 
cylcyclohexane (DDC). These compounds mimic alkylaromatic and alkylnaphthenic moieties in coal and 
asphaltenes. 

R E A C T I O N  MODEL 

The essential features of the free-radical pyrolysis of both long-chain alkylbensenes and alkylcyclohex- 
anes can be modeled as three parallel chains coupled via chain transfer steps (411). These three chains arise 
because there are only three types of aliphatic carbons in TDB and in DDC that exhibit unique reactivities. 
In TDB, hydrogen abstraction at the a carbon leads to a resonance stabilised, secondary bensylic radical 
whereas abstraction at  all other positions produces a less stable secondary alkyl radical. Thus the a carbon 
possesses unique kinetics in the hydrogen abstrsction step. Unique among the non-a radicals in TDB, the 7 
radical leads to a resonance-stabilied, primary benzyl radical upon @-scission, whereas @-scission of all other 
TDB radicals produces a primary alkyl radical. Thus @-scission of the 7 radical is the fastest decomposition 
step. All non-a and nonq  positions in TDB share roughly equal reactivities for hydrogen abstraction and 
&scission and therefore collectively constitute the third category. 

Similar to the inlluence of the aromatic ring and the resultant preferential formation of benzylic radicals 
in TDB, the naphthenic ring in DDC affords preferential formation of tertiary radicals in hydrogen abstrac- 
tion steps and secondary radicals in @-scission steps. Hydrogen abstraction at the ring carbon bearing the 
aliphatic chain, which produces a tertiary DDC radical, is the fastest abstraction step because abstraction 
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at all other positions yields less stable secondary radicals. 8-scission of the @-DDC radical, which produces 
a secondary cyclohexyl radical is the unique decomposition step because all other p-scission steps lead to 
primary alkyl radicals. All non-fl and non-tertiary positions in DDC share roughly equal reactivities for 
both hydrogen abstraction and ,%scission. 

The previously discerned (9-11) elementary reaction steps for neat pyrolysis of TDB and DDC, summa- 
rized in Figure 1, include a single initiation step and termination by all possible radical recombinations. R 
denotes a reactant molecule, and the superscripts A and B refer to TDB and DDC, respectively. Following 
standard notation, p radicals are those that participate in unimolecular propagation steps, and 8 radicals 
propagate chain reactions via bimolecular steps. Table I provides the chemical identities of the species in 
Figure 1. 

Pyrolysis proceeds via the three parallel chain reactions in the center column of Figure 1 to produce 
PIH plus 6 1 ,  PzH plus Qz, and 83H plus 43 as the major products. Chain transfer, depicted in the 
two peripheral columns, can occur via both p and f l  radicals. The interaction steps take the form of a 
free radical derived from one compound abstracting hydrogen from the second compound and additional 
termination steps involving the recombination of radicals derived from the two different substrates. Note 
that the copyrolysis mechanism of Figure 1 depicts only the primary reactions. 

K I N E T I C S  D E V E L O P M E N T  

Reaction rate expressions were derived for TDB and DDC on the basis of the mechanism in Figure 1 
by invoking the pseudo-steady-state and long-chain approximations ( 1 2 ~ 3 ) .  These approximations allow 
formulation of the algebraic p i  balance for compound A (TDB) as Equation 1, 

9 

and this permits solution for pf as 
r: = !da: 

where 
k,PARA + k"RW 

(3) yi" = 
k k  

3 3 
with k,PA = k(.A and k t f l  = k c w .  

j=1 j= 1 

Similarly, the a," balance leads to 
pf = yyp," (4) 

where the expression for 8 can be obtained from Eguation 3 by transposing the A and B superscripts. 

The double subscript notation employed for the hydrogen abstraction rate constants identifies, re- 
spectively, the attacking radical and the resultant p radical. The double superscript notation identifies, 
respectively, the substrate from which the attacking radical waa derived and the substrate attacked. Primed 
and unprimed rate constants denote hydrogen abstraction from either of the substrates by p and 8 radicals, 
respectively. 

The long-chain, steady-state p t  balance is given as Equation 5 .  

3 3 3 3 

r : = o = C k i A i A B : R A - k ~ . ~ : -  k : f A p f R A +  k ~ f A p f R A - ~ k ~ f w p : R w +  
j=l j = 1 # i  j=l#i j= 1 

' I  

I ( 5 )  
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I, 

The balance for pf is completely analogous and can be obtained by transposing the A and B superscripts 
in Equation 5. 

Substituting Equations 2 and 4 for the concentrations of the 1.14 and p a  radicals, respectively, into 
Equation 5 leads, after considerable rearrangement, to Equation 6. 

where 

ZAA *l kA.A *l + y,!kifA (7) 

ZBA ‘1 = kBA $1 + y:#:A (8) 

Expressions for Z:fl and 2;” can be bbtained from Equations 7 and 8, respectively, by transposing their 
superscripts. 

Equation 6 and the analogous set of equations for substrate B provide five independent equations in the 
six unknowns j3: and a,”. Thus a balance on the total radical population must be written to solve for the 
individual radical concentrations and ultimately the reaction rate. The free radical concentration changes 
only as a result of initiation and termination steps, thus applying the psendc-steady-state approximation to 
the net rate of radical production results in equating the rates of initiation and termination. 

Since both theory and experimental evidence suggest that rate constants for radical recombinations 
are typically 109.0*0.5 l/mol-s (14,15), all termination rate constants were taken to  be equal except for the 
statistical factor (16) that renders the rate constant for combination of two identical radicals, W T ,  one-half 
that for two dissimilar species. This approximation combines with the initiation and termination steps 
depicted in Figure 1 to give Equation 9 aa the steady-state radical balance. 

Eliminating p r  and pa from Equation 9 via Equations 2 and 4, respectively, gives Equation 10. 

This equation, Equation 6, and analogous expressions for substrate B were solved numerically for the 
p radical concentrations with estimated rate constants aa parameters. Table I1 summarizes the Arrhenius 
parameter estimates used in the reaction model. These values are representative of literature estimates 
(1,2,14,15,17-22) for similar types of reactions. 

The reaction rates were then determined from the long-chain rate expressions below. 

Relative rates for DDC and TDB pyrolysis were calculated as the ratio of the rate at a given value of 
(TDBI/[DDC] (or (DDCI/[TDBI) to the rate calculated for the pyrolysis of the pure compound. 
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RESULTS A N D  DISCUSSION 

Figure 2 displays the relative rates calculated for DDC and TDB pyrolysis a t  40O0C as functions of the 
absolute concentration of substrate and the relative concentrations of the two components. 

At a DDC concentration of 0.001M, the addition of small quantities of TDB accelerated DDC pyrolysis, 
and the relative rate reached a maximum value of 1.14. Further additions of TDB inhibited the rate, and 
it decreased to a minimum value of 1.06. Interestingly, upon continued addition, TDB again accelerated 
DDC pyrolysis. At (DDC] = 0.01M, TDB initially accelerated the rate, and a maximum value of 1.28 
was attained. Additional quantities of TDB reduced the relative rate. A maximum relative rate was also 
observed at  DDC] = 0.10M. In this case the maximum value was 1.10 at a (TDB]/[DDC] ratio of 0.0158. 
When [DDCI = 1.00M, however, TDB acted only as an inhibitor. 

The results for simulated TDB pyrolysis in the presence of added DDC at 40OoC show that DDC had 
little effect on the relative rate until high (> 10-l) (DDCI/[TDB] ratios were attained. At these high ratios, 
DDC accelerated TDB pyrolysis for [TDB] = 0.001 and 0.01M. The addition of DDC had little (< 0.3%) 
effect on TDB pyrolysis kinetics a t  the higher TDB concentrations. 

These results clearly demonstrate that interactions occurring during the pyrolysis of a binary mixture of 
high-molecular-weight hydrocarbons can alter the apparent kinetics from those observed in pure component 
pyrolysis. They also show that inhibition and acceleration of reaction rates is a complex function of both 
the relative amounts of the two components as well as their absolute concentrations. For example, at a 
(TDB\/(DDCI ratio of 0.05, TDB can either inhibit, accelerate, or have no effect on the relative rate of DDC 
disappearance depending on the DDC concentration. 
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TABLE I: I D E N T I T Y  OF S P E C I E S  IN FIGURE 1 F O R  TDB-DDC COPYROLYSIS 

p: Bensyl Rad pf TTDB Rad /3f Cyclohexyl Rad pf B-DDC Rad 

a," Dodecyl Rad pf a-TDB Rad ,9f UndecylRad p.f 3O-DDC Rad 

/3! Non-TDB Rad p t  Other TDB Rad a," Non-DDC Rad pf 0 t h  DDC Rad 

&'H Toluene Qf Edecene #H Cyclohexane Qf Dodecene 

P t H  Dodecane Qf Styrene /3fH Undecane Qf Methylene Cyclohexane 

PjlH Mior Products Qt Minor Products /3fH Minor Products Qf Minor Products 

TABLE II. RATE CONSTANT ESTIMATES F O R  TDB-DDC COPYROLYSIS 

Type of Reaction 

Initiation 
TDB 
DDC 

. .  Termln4tlon 

&scission* 
B 
20 

10 

Hvdrozen Abstraction" 
B + 2 " H  

B + 3 O H  
B + B H  

3 O  + 2" H 
3 O + B H  
2O + 2O H 

20+3"H 
Z O + B H  
lo + Z0 H i, 

I 
lo + 3O H i 

t 1 ° + B H  

log A 
(s-' or M-'s- ' )  

15.0 
16.5 

8.5 

14.8 
13.0 
13.0 

8.5 

8.5 
8.5 
8.5 
8.5 
8.5 

8.5 
8.5 
8.5 

8.5 
8.5 

EA 
(kcal/mol) 

68.5 
79.0 

0 

28.3 
28.5 
26.5 

18.5 

17.0 
14.0 
14.5 
10.0 
12.5 

11.0 
8.0 
10.5 

9.0 
0.0 

Rate Constants 

W T  

* Reactions indicate type of radical produced (B - Benuylic, 2" - Secondary, lo - Primary) 

.* Reactions indicate type of abstracting radical and type of hydrogen abstracted, respectively 
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FIGURE 1: TDB-DDC PRIMARY COPYROLYSIS MECHANISM 
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PYROLYSIS OF COALS LOADED WITH POLYCYCLIC AROMATIC HYDROCARBONS 

Ripudaman Malhotra. Gilbert St.John. 
Doris S .  Tse, and Donald F. McMillen 

Chemical Kinetics Department, Chemical Physics Laboratory 
SRI International, 333 Ravenswood Avenue, Menlo Park, CA 94025 

INTRODUCTION 

The relative simplicity of pyrolysis offers significant advantages as a coal 
conversion approach. However, char yields are typically high and volatile products are 
generally distributed between low value light hydrocarbons and tars that can be very 
difficult to upgrade. Consequently, the pyrolysis of coals under conditions that would 
produce larger yields of condensible & readily upgradable hydrocarbons is clearly a 
desirable goal, and the literature contains many examples of approaches to augmenting 
pyrolysis yields. For  this reason, it is desirable that additional efforts be conducted 
as much as possible in light what is known about the mechanism of volatiles production. 

A fundamental aspect of the problem that is well recognized is the desirability of 
carrying out the process under reducing conditions in order to meet the stoichiometric 
:equirs=ints of boiid rapt i ice  ( r e p h c r w n i  oi i-i bonds winh C - i i  bonasj ana the uitimate 
desire (for fuel purposes) for substantially aliphatic products. This desirability has 
resulted in various hydropyrolysis approaches involving heating in the presence of 
medium- or high-pressure hydrogen. These approaches generally result in improved yields 
& when the reaction time is long, or when the temperature exceeds roughly 600'C 
(lllZ'F).(I,2) 
impact of Hp pressure is to decrease volatile yields, apparently through the impeding of 
volatiles tranport out of the coal and from the pyrolysis region. 
enhancement in volatiles yield is a result of the fact that below 600'C, H although 
thermodynamically powerful, is kinetically an ineffective reducing agent o%ng to the 
high strength of the H-H bond and the resulting difficulty in thermally achieving 
significant concentrations of hydrogen atoms. 
precisely where coals become very reactive, and need effective reducing agents to 
prevent retrograde processes. 

At short reaction times and temperatures below 600'C, the principal 

The lack of any 

Unfortunately, the 400 to 600°C region is 

Recent mechanistic work indicates that bond scissions occuring during liquefaction 
(1) and pyrolysis ( 6 )  are not simply spontaneous thermal rupture of inherently weak 
bonds, but include to a substantial extent hydrogen-transfer-induced scission of strong 
bonds as well. 
by H-transfer from hydroaromatic (cyclohexadienyl) radicals. This suggestion finds 
support in the work of Huttinger and Sperling who have subjected several coals to rapid 
pyrolysis after loading with aromatics, hydroaromatics, or alkylaromatics and found 
increases in the tar yields and decreases in the char yields of 5 to 10 percentage 
points.(l) In contrast, Solomon and Serio have not observed any increase in the tar 
yields upon pyrolyzing coals in an atomosphere of aromatic hydrocarbons.(d) Earlier 
work by Mazumdar and coworkers with reduced coals shows significant enhancement in 
pyrolysis yields, but does not distinguish between the effect of hydroaromatic hydrogen 
introduction and bond cleavage that may have ocurred during reduction.(l,&) 

One potentially effective way of engendering scission of strong bonds is 

Other work in this area appears to have focused on the impact of such additives on 
liquefaction yields, and on meso-phase formation during coke production. 
co-workers have found some hydrogenated petroleum pitches to be effective liquefaction 

Mochida and 
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agents.(?) These same researchers, as well as a number of other workers, have found 
additives rich in PCAH to markedly extend the range of fluidity in time and temperature 
and to promote the development of anisotropy during coke formation. 

In order that the loading with aromatics be an effective pretreatment, the reaction 

Liquefaction and coking provide ample opportunity 
conditions must allow for an opportunuity for the aromatics to react with the coal 
before they are simply devolatilized. 
for reactions between the added aromatics and the coal while pyrolysis conditions 
generally do not favor such interactions. In this paper we report our efforts at 
determining the range of conditions under which loading of coals with PCAH may result in 
beneficial effects during pyrolysis. 

EXPERIMENTAL PROCEDURE 

Coals and Coal Loading. Three coals were tested in this study: a Wyodak (WO-1, 
courtesy Univ. of Wyoming), an Illinois No. 6 (PSOC 1098). and a Pittsburgh No. 8 (PSOC 
1099). The coals were loaded either with a highly aromatic coal tar (Ut. Av. MW 310) or 
a vacuum residue derived from a hydroprocessed petroleum pitch (Wt. Av. Mw 908). 

A simple evapaorative loading technique has been used for all of the experiments 
reported here. The additive was dissolved in THF (stabilized) to produce a 10 wt% 
"solution," which was filtered through a 0.45 pm millipore filter. The filtrate was 
added to the ground coal, and then removed, with periodic stirring, using a stream of 
argon. In order to minimize removal of extractable materials by THF, and to maximize 
deposition of the additive within the pores of the coal, the solution was added only to 
the point of incipient wetness. Nevertheless, since it was anticipated that some 
extraction would inadvertantly occur and perhaps have a deleterious effect (lo), "blank" 
coal samples were prepared by carrying out the loading procedure with pure THF. 
THF-treated coals were used as the basis for judging the impact of the additives on 
loaded additive. 

These 

Pvrolvsis. The TGA pyrolyses under argon were performed using a Dupont 1090 TGA 
system. 
TGA consisting of a vertical tube furnace with a Cahn microbalance. 
performed with the maximum heating rate possible in this apparatus by raising the 
furnace, preheated to lOOO'C, around a quartz vacuum envelope containing - 60 mg of 
coal suspended from the microbalance in a -1-inch diameter quartz flask. This procedure 
provided a heating rate of about 600'C/min as measured by a thermocouple placed near the 
flask containing the coal sample. The PY-FIMS experiments were carried out in the 
programmed temperature inlet of a field ionization mass spectrometer (FIMS). This 
instrument provides molecular ion profiles and organic weight loss as a function of 
temperature up to 500 'C .  and has been extensively used for analysis of high boiling, 
complex mixtures. 

The "rapid heating TGA" pyrolyses were performed using a specially constructed 
The pyrolyses were 

RESULTS 

Following the rationale cited above, we have begun a series of experiments designed 
to test the effect on pyrolysis yields of loading coals with PCAH mixtures. 
thus far used three different pyrolysis techniqes with slow to moderate heating rates. 
These are: pyrolysis-FIMS at high vacuum, TGA in one atomosphere of argon, and 
rapid heating TGA in vacuum, at heating rates of 2.5'C/min, 20'C/min, and bOO'C/min 
respectively. The results from these experiments are shown in Table 1. 
been adjusted for tar vaporization, assuming that the volatility of the tar is not 
changed by being loaded into the coal. 

We have 

The yields have 

This assumption is of course not strictly true; 
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the temperature profile of the coal tar components in the PY-FIMS experiments show that 
vaporization is retarded by about 50'C. 
is only about 10% of the weight of the coal, the error in overestimating tar volatility 
leads to no more than a 2% underestimate of the coal devolatilization. 

From the limited data given in Table 1, we note two significant results. 
with none of the three pyrolysis techniqes did the addition of 5 to 13 wt% of coal tar, 
hydrogenated coal tar, or vacuum resid from a hydrotreated petroleum resid, 
significantly increase the volatiles yield over THF-treated "blank" coals. Second, the 
THF treatment itself appears to have a deleterious effect on the release of volatiles 
from Wyodak coal, particularly above 500°C. 

However, because the total amount of tar used 

First, 

Effect of Chaneine. Pvrolvsis Condition%. It was anticipated that the impact of 
PCAH-loading would tend to increase with increasing heating rate and/or ability to 
retain the additive through the region of maximum tar formation reactivity. 
Specifically, since the results of Huttinger and Sperling (5 )  were obtained at heating 
rates of lOOO"C/s, we felt that increasing the heating rate from 20'C/min to 600'C/min 
would increase the chances of seeing substantial beneficial effect. Furthermore, rapid 
heating is known to increase the impact of coking additives on fluidity.(u) Although 
the data in Table 1 definitely show higher yields for the 600'C/min heating in vacuum as 
expected ( E ) ,  there was no improvment in the response to tar treatment itself even at 
this higher heating rate. 

pre-Hvdroeenation of the Tat. Although FIMS and nmr anaylsfs show the coal tar to 
have essentially no hydroaromatic character and only a small mount of allylaremetic cf 
the fli2nrer.e f,-ps>, the k~wwn and projected benefits of large PCAH in shuttling 
indigenous coal hydrogen for use in conversion led us to use the tar as is for one 
series of experiments. 
well known, the tar was also subjected to mild hydrogenation and used for the coal 
treatment. The FI mass spectrum of the reduced tar showed 10 to 20 percent of the 
various PCAH were converted to the respective dihydroaromatics; nevetheless, treatment 
with this tar still showed no impact on pyrolysis yields. 

However, because the added benefit of hydroaromatic hydrogen is 

Use of a Higher Boiline Additive. Since the coal tar itself was found to be 70% 
volatilized by 350'C (i.e., before the region of maximum chemical reactivity of the 
coal) under the atmopheric pressure TGA conditions and 86% under the PY-FIMS vacuum 
conditions, a slightly higher boiling additive was judged to be desirable under these 
slow heating conditions. 
a hydrogenated atomoshperic resid (72% volatile at 350 under PY-FIMS conditions), but 
found this switch to a higher boiling (but less aromatic) additive did not result in any 
benefit to the pyrolyses, under the conditions thus far used. 

Accordingly, we tested the use of the vacuum resid portion of 

DISCUSSION 

Further efforts to define the extent of improvement in pyrolysis yields to be 
gained from PCAH additives as a function of coal type and reaction conditions will focus 
on the use of higher heating rates, higher boiling PCAH mixtures, and variations in the 
degree of sample confinement. It seems reasonable to assume any benefits to volatiles 
production will be maximized at high heating rate for the following three reasons. 

Volatiles yields tend to increase with increasing heating rates; ( I ,=)  
Coals of high fluidity tend to benefit most from this increase in heating rate;(l) 
PCAH additives increase fluidity under coking conditions.(u) 

The probable impact of pressure is less clear. On the one hand, volatiles yields 
are often substantially larger under vacuum. owing to improved volatiles 
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transport.(I,u) On the other hand, higher pressures (up to 5 - 10 arm) have been 
reported to accentuate fluidity increases brought about by pitch additives.(u) 
it is not clear what trend will be observed with changing pressure. 
Huttinger and Sperling ( 5 )  were performed under nominal vacuum, but with the sample 
moderately confined in a Curie point pyrolyis capillary. 
the rapid heating, apparently resulted in enough of the various naphthalene derivatives 
remaining with the coal till temperatures of high coal reactivity were reached. 
benficial effects were observed notwithstanding the low boiling point of the additives. 
It was for this reason that we originally thought that a higher boiling tar, with PCAH 
components known to be much better coal conversion agents (albiet liquefaction) than 
naphthalene derivatives, would likely show significant beneficial effects - even at the 
lower heating rates used in this study. 

Thus, 
The experiments of 

This combination, along with 

Thus 

The apparent detrimental effect of THF in the treatment of Wyodak coal is 
potentially informative, since low rank coals are known to be particularly susceptible 
to retrograde reactions or other factors that can significantly decrease their 
convertibility. In the present case, comparison of the FI-mass spectra of the raw and 
THF-treated Wyodak samples reveals the the high mass envelope (which is never large in 
this coal) is significantly decreased by the THF treatment. Examination of the 
temperature profiles for the peaks in this range shows that these are evolved at 
substantially lower temperatures than the dominant peaks in the spectrum. the 
dihydroxybenzenes and the phenols. The devolatilization of the high mass materials is 
consistent with these materials being more aliphatic and pre-existing in the coal, 
whereas the low molecular weight phenols and dihydroxybenes are products of pyrolysis. 
With this difference in mind, it may be significant that substantial detrimental effect 
of the THF treatment was not observed until the temperature exceeded 500'C: aliphatics, 
though they have high hydrogen content and are potential sources of hydrogen for 
hydrocracking, cannot generally make this hydrogen readily available until the thermal 
hydropyrolysis temperature range (i,e., - 600'C). The extent and nature of this 
detrimental effect will be further explored. 
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Table 1 

WEIGHT LOSS FOR PYROLYSIS OF COALS AND TAR LQADED COALS 

% wt. Loss. 
Coal ZS'C/min/vac 2O"ClminlAr 600"Clminlvac 

m m e n t  50OOC 500'C 9OO'C 5 0 0 T  900'C 

27.9 63.1 
YLx!Xi& 

Raw 3 0  
Blank I T H n  3 2  22.0 43.8 41.8 61.7 . ,  
Coal-Tar 3 4  22.0 44.8 36.6 54.5 
H-Coal-Tar 3 2  40.4 53.4 

w 
Raw 

3 2  
Coal-Tar (w 29 
H-Coal-Tar 
H-Pet-Res 2 8  

12.0 30.3 
16.5 31.9 

8.7 30.3 

Raw 
Blank (THF7 
H-Coal' Tar ' 
H-Pet-Res 

30.0 46.8 
30.9 45.6 

The %-volatility of the tars alone in vacuum and in AI up to 500°C was 95 
and 80% respectively. 
coals. 

The volatilities shown above are for the whole 
They are corrected for tar volatilities for the tar-loaded cases, 
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Chemical Characteristics of Tars Produced in a Novel 
Low Severity,Entrained Flow Reactor 

by 
J.D. Freihaut, W.M. Proscia and D.J.Seery 

United Technologies Research Center 
East Hartford, Ct. 06108 

Introduction and Approach 

The devolatilization of a high volatile bituminous coal follows the 
sequence indicated in Figure 1. The formation and evolution of heavy molecular 
weight hydrocarbons, tars, account for more than half the total mass loss of 
such coals (1,2,3,4). A s  observed in a wide range of heating conditions, the 
tars dominate the initial mass loss of bituminous particles. In addition, gas 
phase, "secondary" reactions of tars can account for major fractions of the 
light gas yields, depending on the heating conditions. The distribution of 
the light gases and chemical characteristics of the collected tars are 
dependent on the both the transient particle temperature and ambient gas 
temperature ( 5 , 6 ) .  

A number of investigators have reported that a range of coal types 
follows the same phenomenological sequence, although the tar yields vary 
significantly with coal rank characteristics (4,7,8). Moreover, chemical 
structural characteristics of "primary" tars are reported "similar" to those 
present in the parent coal, that is, the tar "monomers" reflect the coal 
"polymer" (3,9,10 ) .  "Primary" tars are those collected in conditions in which 
"secondary" reactions have been minimized. Some of these investigators have 
noted that, within the limits of experimental resolution, the chemical kinetic 
parameters that describe tar evolution from a wide range of coals do not vary 
with coal type (3,9 ) .  From this perspective, the phenomenological sequence, 
monomer-polymer relationship between tar and parent coal, and chemical kinetic 
parameters describing tar formation and evolution are all invariants in coal 
devolatilization. 

On the other hand, some investigators note the phenomenological sequence 
of disperse phase devolatilization is the only commonality among coals of 
varying rank characteristics. Tar yields and chemical characteristics, 
relative to other coal tars as well as to the parent coal, vary signficantly 
with coal type. 
chemical characteristics of the primary tars (7,ll). Implicit in these 
structural observations with respect to primary tars is a questioning of the 
invariance of devolatilization/pyrolysis kinetics with coal type. Since all 
primary tars are not equally "similar" to the parent coal and the distribution 
of functional groups varies so extensively with coal type, it becomes 
difficult to understand the extent to which the same tar evolution and light 
gas formation chemical kinetic parameters could be used for a wide range of 
coal types. 

In addition, secondary reaction behavior varies according to 

Other investigators have noted the appreciable role transport parameters 
can exert in determining devolatilization phenomena. The formation of a 
glass-like "melt" as an intermediate phase during devolatilization of a 
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bituminous coal (12,13,14) and the observed changes in molecular weight 
characteristics of heavy hydrocarbons with ambient pressure (15,16), have led 
some investigators into a detailed examination of intraphase and interphase 
mass transport phenomena contributions in mass loss  kinetics. Ignoring the 
details of product distributions and chemical characteristics of tars with 
changes in pyrolysis conditions, still other investigators have indicated that 
weight loss kinetics is determined primarily by heat transfer considerations 
(17,18) . 

As apparent from the diverse perspectives, a conceptual understanding of 
disperse phase coal devolatilization remains elusive and, consequently, 
comprehensive rate models remain difficult to extrapolate to a wide range of 
conditions, Among the considerable experimental difficulties are: rapidly 
quenching a heterogeneous process whose overall mass loss rate appears to 
adjust itself to heating conditions; isolating char particles, tar aerosols 
and light gas species that are coupled in product streams; minimizing gas 
phase reactions of thermally labile heavy molecular weight organic compounds; 
subsequent analysis of large, fragile organic species which have considerably 
different functional forms, depending on heating conditions and parent coal 
characteristics. 

Batch reactors and single particle systems are often criticized for 
generating too small a tar sample in conditions unrepresentative of rapid 
heating. Continuous reactor systems, such as entrained flow reactors, provide 

gases, and the large entrainment flow/sample mass, make it difficult to either 
time resolve weight loss kinetics o r  isolate primary tars for subsequent 
analyses. 

----,,L-vAu -r,.n-+rL, - I.--..:-- L.C-L ILL6  c y L L u l c ~ ~ ~ ~ ~  ---A:*: --- L v u t  due tu ia>idrnce cime, c'ne hoc entrainment 

This communication reports the utilization of a novel entrained flow 
reactor and product isolation system. 
entrained flow reactors, no attempt is made to match the entrainment gas and 
wall temperatures. Entrainment gas temperatures are purposely kept below wall 
temperatures to minimize extra-particle gas phase reactions of tars. To obtain 
char-free tar samples, an aerosol phase separation system is employed to 
isolate a significant fraction of entrained tar species from the char mass. 
Both the char particle and aerosol arms of the product separation system 
contain serially staged particulate separation systems followed by porous 
metal final filters that collect "pure" tar species. 

In contrast to the operation of most 

Experimental 

Reactor and Product Separation System 

Figures 2 - 4 display the essential components of the entrained flow 
reactor, product separation and gas analysis systems. Figures 5 - 7 display 
the total power density, radiative power density and gas temperature profiles 
as a function of reactor position. The flux rate profiles are mesured by 
specially designed, calibrated probes. Incident, center-line radiative flux 
rates range from several watts/sq. cm. at wall temperatures of 750 C to 
approximately 25 watts/sq. cm. at wall temperatures of 1270 C. Gas temperature 
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pro f i l e s  vary as  shown. Gas temperature p r o f i l e s  were obtained by making a 
se r i e s  of measurements with a set of decreasing thermocouple bead s i zes  with 
the asymptotic temperatures approached defined as  the  "true" l o c a l  gas 
temperature. 
cons is ten t  with those estimated from the  magnitude of the convective hea t  
t r ans fe r  determined from the  power dens i ty  measurements. 

In  genera l ,  the  gas temperatures measured i n  t h i s  manner a r e  

The reac tor  c rea tes  a hea t  t r ans fe r  f i e l d  i n  which en t ra ined  p a r t i c l e s  
a re  heated by r ad ia t ion  t o  the l o c a l ,  a x i a l ,  en t ra ined  gas temperture within 
the reac tor  (Figures 8 , 9 ) .  The r ad ia t ion  f lux  induces an inverse diameter 
dependent heating r a t e  on pa r t i c l e s  i n  an attempt t o  dr ive  the p a r t i c l e s  t o  
equilibrium with the rad ia t ing  walls.  The c a r r i e r  gas imposes an inverse 
diameter squared component on the  p a r t i c l e  heating r a t e ,  which i n  e f f e c t  
insures small p a r t i c l e  temperatures a re  not  very d i f f e r e n t  from the  loca l  gas 
temperature, assuming the  devo la t i l i za t ion  process is weakly endothermic or 
thermally neu t r a l .  Estimated p a r t i c l e  heating r a t e s  a r e  of the  order of 5000 
7000 C/sec i n  these conditions.  Such heating r a t e s  a re  grea te r  than t h a t  
reproducibly obtainable i n  a heated g r id  apparatus operated i n  the  same 
laboratory,  bu t  l e s s  than t h a t  expected i n  conventional en t ra ined  flow 
reac tors  wherein heating r a t e s  approaching 100,000 C/sec a r e  ind ica ted  with 
estimated t r ans i en t  f l ux  r a t e s  a t  the p a r t i c l e  surface of near ly  100 watts/sq.  
cm. Operating an entrained flow reac tor  i n  t h i s  manner minimizes gas phase 
pyrolysis reac t ions  of the i n t i a l  tar species and allows co l l ec t ion  of la rge  
quan t i t i e s  of t a r  species.  

Normally, 60 - 75% of t he  t o t a l  reac tor  flow is  drawn through the aerosol  
separation (impactor t r a i n )  system, t h a t  is F of Figures 3 and 4 i s  of t he  
order 0 .25 .  The temperature and path length of the cooled aerosol  t r ans fe r  
l i ne  a r e  var ied  according t o  the nature of the t a r s  being co l l ec t ed ,  which, i n  
tu rn ,  va r i e s  with the  parent coa l  cha rac t e r i s t i c s  and reac tor  hea t ing  
conditions.  The aerosol  phase separator is designed t o  "pu l l  o f f "  a l l  
p a r t i c l e s  o r  aerosols t h a t  a r e  l e s s  than 2 microns. A qua l i t a t ive  check o f  t h e  
performance by scanning e lec t ron  microscope examination of  the  depos i t s  
indicated t h a t  designed behavior is  followed, provided proper flow r a t e s  a re  
maintained throughout an experiment. I n e r t i a  c a r r i e s  l a rge r  p a r t i c l e s  i n t o  t h e  
char separa t ion  (cyclone t r a in )  system. Both separ ta t ion  t r a i n s  contain 
porous metal f i l t e r s  a s  f i n a l  s tages .  Performance of the  system is  monitored 
by measuring the flow through the  separation arms, pressure drop across the  
f i l t e r  housings and determining the t a r  mass deposited on each of the  f i l t e r  
systems. 
flow r a t i o  through the  two separation systems during an experiment. This i s  
observed t o  be the  case .  

Tar mass r a t i o s  a r e  expected t o  be of the r a t i o  of the  average mass 

Sample Se lec t ion  

The feed system u t i l i z e d  is capable of sustained de l ivery  of op t i ca l ly  
th in  streams of p a r t i c l e s  a t  constant mass de l ivery  r a t e ,  provided the  feeder 
i s  loaded with a narrow p a r t i c l e  s i ze  range i n i t i a l l y .  Pa r t i c l e  s i zes  as l o w  
as 10 microns and as  l a rge  a s  300 micron have been u t i l i z e d .  Since the  feeder 
operates on aerodynamic p r inc ip l e s ,  aerodynamically separated samples were 
employed (See acknowledgements). The loca t ion  of the parent coa l  sample set on 
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a pseudo-coa l i f ica t ion  band p l o t  is shown i n  Figure 10. 

Sample Measurements 

Mass l o s s  i s  determined by ash t r a c e r  techniques. I t  i s  observed t h a t  
experiment spec i f i c  determinations of t he  parent coa l  ash need t o  be 
determined. 
conditions before and a f t e r  a par t i cu la r  ho t  wall devo la t i l i za t ion  t e s t  and 
determining the  ash conten t  of the  p a r t i c l e s  co l lec ted  i n  the  f i r s t  s tage  
cyclone. This value becomes the  i n i t i a l  ash value.  I t  i s  observed t h a t  lower 
dens i ty  p a r t i c l e s  a r e  fed  in to  the  reac tor  i n i t i a l l y  desp i te  the  r a the r  
extensive e f f o r t s  t o  match the  aerodynamic cha rac t e r i s t i c s  of the  feeder with 
those of t he  s i z e  separated samples provided. Consequently, sustained 
operation over a sequence of devo la t i l i za t ion  conditions leads t o  s ign i f i can t  
var ia t ions  in the average dens i ty ,  mineral conten t ,  of the feed, which, i n  
tu rn ,  l eads  t o  incons is ten t  determinations i n  p a r t i c l e  mass loss v i a  ash 
t r ace r .  

This is accomplished by operating the  system i n  cold flow 

Elemental c h a r a c t e r i s i t i c s  of evolved t a r s  and chars a r e  determined by 
use of a Perkin-Elmer 240 instrument. I R  absorbance cha rac t e r i s t i c s  a r e  
determined by an a l k a l i - h a l i d e  technique using a Fourier Transform - In f r a red  
Spectrometer (FT-IR). The FT-IR is a l so  used t o  determine the composition of 
the  pyrolysis gases.  
recombined and continuously passed through a multi-pass c e l l .  The 43.5 meter 

generated. Concentrations a r e  low because the  i n i t i a l  s tages  of 
devo la t i l i za t ion ,  the  focus of t h i s  inves t iga t ion ,  generate small amounts of 
such gases which a r e  en t ra ined  i n  a r e l a t i v e l y  l a rge  volume of c a r r i e r  gas. 

The streams from the  two separa t ion  systems a r e  

--*I. ,,DL... l,,,,,.. --.-..I. is seeded to mastire the lou levels of :R active l i g ? , ~  gases 

Results 

HVA Bituminous Coal 

For the PSOC 1451D coa l ,  an Appalachian high v o l a t i l e  bituminous coa l ,  
t he  ash t r a c e r  v o l a t i l e  y i e lds  f o r  two p a r t i c l e  s i zes  i s  shown i n  Figure 11 
A s  indicated,  desp i te  the fac tor  of th ree  d i f fe rence  i n  pa t i c l e s  s i z e ,  the 
reac tor  temperature s e n s i t i v i t y  of the m a s s  loss is very similar between the 
s i z e  cu t s .  Temperature ca lcu la t ions  using the  measured reac tor  
cha rac t e r i s t i c s  a s  h e a t  t r ans fe r  conditions ind ica te  t h i s  should indeed be the  
case (See above ) .  
respect t o  maximum y ie lds  of each gas and p lo t t ed  with respect t o  the  peak 
reac tor  gas temperature,  s ince  gas phase reactions of t a r s  a re  thought t o  
account f o r  s u b s t a n t i a l  f r ac t ions  of  "coal" pyrolysis gases.  I t  i s  noted t h a t  
s ign i f i can t  increases  i n  acetylene and hydrogen cyanide gases a r e  not observed 
u n t i l  peak gas temperatures of 700 C a r e  achieved. A t  lower gas temperatures, 
l i g h t  gas y ie lds  a r e  dominated by CH4, C2H4, CO and H20, bu t  these gases 
account f o r  only 10 - 15% of the t o t a l  0 .2  - 0.25 p a r t i c l e  mass f r ac t ion  loss 
observed fo r  these r eac to r  conditions.  For t h i s  coa l ,  t a r  y i e lds  dominate the  
mass los s  at these and lower gas -pa r t i c l e  temperatures. 
y i e lds ,  0 . 1 0  - 0.15 m a s s  f r ac t ion ,  a r e  observed a t  gas temperatures of 350C 
(wall  temperatures of 790C). 

Figure 1 2  shows the r e l a t i v e  gas y i e l d s ,  normalized with 

Appreciable t a r  
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Examination of the elemental composition of the tars indicates that the 
tar evolution process resembles a distillation process from the point of view 
of hydrogen concentration versus characteristic temperature, gas or reactor 
wall (Table I ) .  As implied by the insensitivity of the total mass loss with 
particle size and as indicated by the temperature calculations, the elemental 
composition of the tars evolved from the two different particle sizes and for 
a particular stage of the reaction process should be similar. As indicated in 
Table I the elemental composition of the the 20 -30 micron tars and the 63 - 
75 micron tars are quite similar in elemental composition. A distillation-like 
tar evolution process would also imply changing functionality and relative 
molecular weight characteristics of the samples with characteristic 
temperature. Figure 13 displays the relative -CH2- concentration of the tars 
for increasing reactor temperature and Table I1 indicates relative molecular 
weight moments as a function of reactor temperature. 

In summary, the results indicate the hydrogen level, in particular the 
polymethylene concentration hydrogen level, of the collected tars 
systematically decreases with peak reactor temperature as the total tar yield 
increases. As the hydrogen level gradually decreases the relative molecular 
weight moments of the evolved tars increase to the point where the tar yield 
is believed to be maximized. Lower temperature tars contain less total oxygen 
and sulfur mass fractions than the total tar mass evolved to the point of 
maximum tar yield. Absolute tar yields are difficult to determinequsing an 
entrained flow reactor but investigation of the tar evolution process on a 
heated grid apparatus indicate total tar yields are 0.30 - 0.35 of the parent 
coal mass on an ash-free basis for this coal. 

Coal Rank Effects 

It is desirable to determine the change in the nature of the tars 
produced with changes in the chemical characteristics of the parent coal, 
while keeping the heating conditions constant. The heating conditions that 
maximized the tar yields for the high volatile bituminous coal (930C wall, 500 
- 600 C gas temperture) while minimizing gas phase secondary reactions were 
selected, although it is recognized that each coal type may require a unique 
set of heating conditons to maximize its tar yie1d.j 

Figures 14 and 15 compare the hydrogen and sulfur + oxygen levels of the 
tar species to those observed in the parent coals. 
characteristics of the parent coal increase the elemental composition of the 
tars become more like the parent coal. The similarity ratios asymptote toward 
unity. Conversely, the lower the rank of coal the more unlike in elemental 
composition are the primary tars. Figure 16 indicates the %H of the low rank 
coal tars can be as great as 9% in these conditions. 

As the rank 

The most striking difference in the IR absorbance spectra of the low rank 
coal tars relative to the higher ranks resides in the polymethylene absorbance 
region (2920 cm-1). 
absorbance levels in this region per unit mass of sample than the high rank 
coal tars. 
signficantly with coal rank, such behavior implies increasing concentrations 
of -CH2- levels with decreasing coal rank. The -CH2- absorbance band 

The low rank coal tars generally display much greater 

Assuming the absorption coefficients of this band do not vary 
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correlates with the % H level in the tars (Figures 16,17,18). 

The difference in structural characterisitics of the low temperature tars 
evolved from the lignite and subbituminous coals, relative to the bituminous 
coal tars, is again emphasized by comparing the molecular weight moments 
obtained by gel permeation chromatography. The data in Figure 19 indicates 
the tars evolved from the low rank coals at a particular temperature have 
greater molecular weight moments than the corresponding high rank coal tars. 
In the most elementary sense, the polystyrene calibrated gpc technique 
indicates only that aliphatic, hydrogen-rich low rank coal tars are 
structurally "larger" than the more aromatic bituminous coal tars with respect 
to a length to weight ratio parameter. These results likely reflect variation 
in conformational aspects of the tars as a function of rank rather than 
molecular weight or polarity differences. The long chain aliphatic tars 
characteristic of the low rank coals are not efficiently retained by the gel 
permeation column and, consequently, elute in the short retention times 
characterisitic of heavy polystyrene standards. The molecular "weight" moments 
appear to be more characteristic of relative molecular geometry than actual 
mass size when comparing tars from a range of coal ranks. The general 
observations with respect to the variations in low temperature coal tars with 
rank characteristics of the primary coal are indicated in Figure 20, the lower 
the rank of parent coal the more unlike the parent coal are the low 
temperature, primary tars. The dissimilarity appears primarily related to the 
aliphatic to aromatic hydrogen d i s t r i h u t i o r ,  14 the oxygen-sdf-r hatsrsatc; 
content of the tars relative to the parent coal. 
concentrations variations are observed with variation in coal type. 

Signficant polymethylene 

Although the nature of tars varies significantly with coal type, the 
particle devolatilization and gas phase reaction sequence did not. 
displays the composition of tars from a subbituminous coal (PSOC 1520D) at 
various reactor temperatures. As in the high volatile bituminous coal, the 
hydrogen rich, more aliphatic, lighter molecular weight species vaporize 
before the heavier, more aromatic species during the evolution to the point of 
maximum tar yield. At gas temperatures of 700 C or above, gas phase reactions 
of pyrolysis of the polymethylene rich tars quickly leads to ring formation in 
the tar species. C2H4 and GO are major light gas products of these reactions 
and, at still higher temperatures, C2H2, CO and HCN. In short, the same light 
gas formation temprature pattern as indicated in Figure 12 for a HVA 
bituminous coal is followed by the lower rank coals. However, the absolute 
quantities vary signficantly with the nature of the low temperature tars. 

Summary and Conclusions 

Table I11 

The entrained flow reactor investigation indicates that the phenomenology 
of coal devolatilization and pyrolysis is similar for a wide range of coal 
ranks. The phenomenology is summarized in Figure 1 . Heavy hydrocarbons are 
"formed" within (ATP - Attached Tar Precursors) the coal particle at 
relatively low temperatures (300 - 450 C). Further heating results in the 
extra-particle evolution of these heavy hydrocarbons (tars) and the onset of 
light gas production (450 - 700 C). The low temperature light gases consist 
mainly of CH4 and higher alkanes, GO, C02, H20 and some C2H4. The absolute 
quantities of these species vary with coal type as do the absolute yields of 
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"primary" tars. Gas and particle temperatures greater than 700 C 
preferentially produce C2H2. HCN, CO and C2H4. 

Although the sequence of tar evolution is phenomenologically similar, the 
structural characteristics of tars evolved from a range of coal types 
indicates quite different processes are occuring chemically. The lower the 
rank of coal, the more unlike the parent coal are the low temperature tars. 
Low temperature lignite tars appear to consist mainly of long chain aliphatic 
species with signficant levels of associated carboxylic and carbonyl groups. 
Low temperture tars from bituminous coals have structural characteristics more 
reflective of, but never identical to, the parent coal. 

Gas phase reactions of low temperature, primary tars are rapid at gas 

Such reactions quickly lead to the ring formation 
temperatures of 700 C and above, common operating temperatures of conventional 
entrained flow reactors. 
reactions from polymethylene-rich low temperature tars conincidental with the 
evolution of the heavier tar species from the devolatilizing particle itself. 
Tars collected in these conditions, particularly tars collected in separation 
systems without extensive phase separation, will appear to be more like the 
parent coal than the primary tars originally evolved and collected in the 
above reactor system or other systems that minmize secondary tar reactions. 
The phenomenological sequence of heavy hydocarbon formation, tar evolution and 
gas phase reactions appear similar for a wide range of coals, but the 
relationship between the chemical structures of primary tars and parent coal 
varies widely with coal type. 

The question of invariance in kinetic parameters among a range of coal 
types and whether chemical or transport phenomena dominate the evolution 
processes requires a multi-reactor approach in which the phases of tar 
formation and evolution can be deconvoluted. This will be the subject of 
future communications. 
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TABLE I 

ELEMENTAL COMPOSITION OF TARS - TEMPERATURE EFFECTS 
HVA BITUMINOUS COAL(PS0C 1451D) 

REACTOR MAX. 
WALL(C) GAS(C) 

790 350 

840 400 

930 510 

1020 665 

1100 790 

1190 890 

1270 1000 

PARENT COAL ....... 

790 350 

930 510 

1270 1000 

PARENT COAL . . . . . . .  

%C 

84.05 

84.07 

84.37 
84.46 

84.62 

85.22 

85.55 

86.00 

82.42 
81.07 

%H 

6.07 

5.94 

5.86 
5.93 

5.55 

5.40 

5.27 

5.08 

5.35 
5.24 

63 _ _ _ _ _ _ _ _ - _ _ _  
83.97 6.22 

84.47 5.83 
84.16 5.79 

85.50 5.29 

82.55 5.53 
81.86 5.43 

%N %(S+O) 

1.64 8.24 

1.67 8.32 

1.68 8.09 
1.76 7.83 

1.69 8.14 

1.73 7.65 

1.74 7.44 

1.73 7.19 

1.57 10.65 
1.62 12.04 

75 MICRONS------- 
1.64 8.14 

1.72 7.98 
1.74 8.29 

1.76 7.43 

1.59 10.32 
1.66 11.02 

H/C 

0.87 

0.85 

0.83 
0.84 

0.78 

0.76 

0.74 

0.71 

0.79 
0.78 

- - - - -  
0.89 

0.83 
0.83 

0.74 

0.80 
0.80 
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TABLE I1 
Relative Molecular Weight of Charactertistic of Tars 

Reactor Temperature Effects * 
PSOC 1451D, 20-30 Microns 

Reactor Wall Position 
Temperature (C) (cm) 

750 
840 
930 
1020 
1100 
1190 
1270 

* Argon Carrier Gas 

36 
36 
36 
36 
36 
36 
36 

Residence Mn Mw 
Time (msec) 

620 438 641 
580 452 665 
520 481 719 
470 491 743 
420 518 801 
385 509 803 
360 506 807 
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TABLE I11 
ELEMENTAL COMPOSITION OF TARS - TEMPERATURE EFFECTS 

SUBBITUMINOUS COAL (PSOC 1520D) 

7 9 0  3 5 0  7 8 . 2 1  8 . 4 3  0 . 6 3  1 2 . 7 3  1 . 2 9  

9 3 0  510 7 8 . 1 5  7 . 8 3  0 .79  13 .23  1 . 2 0  
7 7 . 7 8  7 . 6 3  0 .81  1 3 . 7 7  1 . 1 7  

1 2 7 0  1000 7 8 . 9 7  6 . 7 2  0 . 9 8  13 .32  1 . 0 2  

PARENT COAL . . . . . . . . . . .  6 3 . 7 7  4 . 5 4  0 . 8 3  30 .84  0 . 8 6  

* TARS - SPECIES COLLECTED ON FINAL FILTER OF IMPACTOR TRAIN 
ARGON CARRIER GAS 
PARTICLE RESIDENCE TIME: 600 msec 
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Fig .  3 
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Fig. 5 
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Fig .  7 
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F i g .  9 

U T R C  E N T R A I N E D  FLOW REACTOR - P A R T I C L E  T E M P E R A T U R E  
930 C WALL T E M P E R A T U R E  

600 
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EFR-cold flow, Co capture 
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0.3 

PSOC 1443(Tox.  LIG) 
PSOC 1507 IHD LIG 
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Fig .  11 
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Fig. 13 

-CH2-  STRETCH ABSORBANCE 
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Fig. 14 
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Fig. 15 
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Fig. 17 
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Fig. lg 
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Fig. 20 
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PYROLYSIS OF SINGLE SUBBITUMINOUS COAL PARTICLES 
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INTRODUCTION 

A detailed knowledge of coal pyrolysis is fundamental to the understanding of the early stages of 
many coal conversion processes. Pyrolysis studies have been conducted using a variety of techniques 
including the use of electric grids (1-3), thermopvimehic analyzers (4-6), entrained flow reactors (7-9), 
and fluidized beds (10,22). In order to eliminate the complexity introduced by particle interactions, some 
research has been directed towards the behavior of single coal particles (12-16). For example, Huang et 
al. (12) measured the transient temperature gradients in the gas surrounding a captive 1 mm diameter coal 
particle with a fast response thermocouple array (12) and found steep gradients up to 4 mm from the 
surface. Saito et al. (16) reparted on differences between high temperature devolatiliition in air and N2 
for 2-4 mm-sized particles, and conducted an isothermal kinetic analysis of the data. Hertzburg (17) 
analyzed experimental data from laser-heated coal pyrolysis experiments and concluded that the pyrolysis 
rate was controlled by the heat flux to the particle surface and by thermodynamic transport constraints 
within the particle. He proposed a “rate coefficient”, which is the recipmal of the overall enthalpy 
required for heating and devolatilization. The significance of heat transfer effects on coal pyrolysis were 
recently reviewed by Suuberg (18) and Gavalas (19), and it is clear that heat transfer plays an important 
role. Nevertheless, few references can be found in the literature on the instantaneous rate of heat nansfer 
to pyrolyzing coal particles. Most ~ c z s ~ e m p m  i~ $is xc? have bez-:: .;si:lp FLfciciiiid Scznrilig 
Calorimetry @SC) which is l i t e d  to low heat fluxes during the heatup to pyrolysis temperature. The 
current work is an attempt to relate experimentally measured particle temperature and mild pyrolysis rates 
in order to determine meaningful kinetic parameters. 

EXPERIMENTAL 

Temperature Measurements 

experiments on 1 mm diameter coal particles were performed in a captive reactor, details 
of which hav been provided elsewhere (12,13). It consists essentially of two enclosing horizontal tube 
furnaces which are heated electrically to preheat the incoming gas and maintain the reactor at a 
predetermined temperature. A subbituminous coal (volatile matter 50.5%, fixed carbon 36.0%. ash 
13.5%) was used in this study. Prepurified nitrogen was used to purge air from the reactor but prior to the 
start of a run, the gas flow was stopped so that the experiments were essentially in a static system. For 
each run a 1 mm diameter coal particle was injected into a minicrucible inside the 873 K reactor. 
Temperature gradients in gas surrounding the reacting particle were measured by a thermocouple array 
(TCA) composed offour extra-fine thermocouples spaced 1.0 mm apart. The distance from the coal 
particle surface to the closest thermocouple was approximately 1 mm. A microcomputer collected the 
responses of the thermocouples at millisecond time intervals. 

vacuum oven prior to use. A char particle was prepared by injecting a coal particle into the reactor in 
flowing nitrogen at 873 K for 5 minutes. 

Measurements of Weight Loss 

Weight loss data for pyrolysis were obtained in a Dupont 951 Thermopvimeaic Analyzer 
(TGA). To simulate the process of dropping a cold coal particle into a hot reactor, the TGA quam tube 
was kept in the furnace during heatup in a 75 cc/min flow of prepurified nitrogen. The sample housing 
was then rapidly introduced into the hot quartz tube in the furnace after the furnace temperature had 

All experiments were conducted on dry coal particles, the coal being dried overnight at 383’K in a 
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stabilized (20,21). The same experimental conditions were used in the TCA and TGA experiments 
(temperature, panicle size, etc.). 

RESULTS AND DISCUSSION 

Heat Transfer 

The temperature histories measured by the TCA in the surrounding gas at different distances from 
the coal particle surface during pyrolysis are shown in Figure 1. Curves 1 to 4 express instantaneous 
temperatures at 1,2,3,  and 4 mm from the particle surface, respectively. Because of thermal continuity in 
the gas surrounding the pyrolyzing coal particle, the measured data were extrapolated to the particle surface 
by a three order polynomial correlation in order to obtain the instantaneous panicle surface temperature 
(Figure 2) . The extrapolated surface temperature fls) is plotted as curve 0 in Figure 1. The temperature 
of the gas phase 5 mm from the particle was taken to be the furnace temperature (Tf) in the extrapolation. 
The validity of this assumption is based on solid evidence. Firstly, as heat was transferred to the vicinity 
of a cold coal particle , the temperature of the,surrounding gas recovered to, but did not exceed, the 
fumace temperature (12). Secondly, the temperature perturbation decreased with distance from the particle 
surface. Figure 2 provides infomation on spatial temperature gradients, from which heat transfer 
boundary conditions were determined. Under the experimental conditions, the boundary was a spherical 
region with a radius of approximately 5 mm. 

The three order polynomial used in the extrapolation is expressed as: 

T = A, + A,X + A?' + A,? 1) 

where Ai(i = 0,1,2,3) is constant at a given time t, X is the dimensionless distance expressed by: 

X , X  osxs1  2) 
'b 

in which x is the distance from the particle surface and xb is the distance from the particle surface to the 
heat transfer boundary. From Equation (1) Ts can be determined by: 

T, = TIx, = A, 
and buk gas temperature can be expressed as: 

3) 

Figure 3 shows temperature histories for char particles under the same experimental conditions as 
for the coal particles in Figure 1. The char particles were recovered from the preceding coal run . Since 
the coal used in this study is non-swelling (free swelling index = 0) the panicle size and external surface 
areas of the coal and char particles were considered to be the same. 

Particle surface temperatures for the coal and char are. plotted in Figure 4. During the early stage of 
heatup to 700 K (up to - 2s) Ts for the coal was about 80 K lower than Ts for the char. This is due to the 
initial mass difference between the coal and char particles. At the onset of pyrolysis for the coal, there was 
an inflection in the Ts curve. Endothermic pyrolysis reactions kept the coal particles at a lower temperature' 
than the char which was undergoing a rapid heatup to the furnace temperature. The unambiguous surface 
temperature histories in Figure 4 indicate that there will be a gross error if the particle surface temperature 
is assumed to be the furnace temperature. 

following equation: 
Heat flux by radiation from the furnace wall to the coal and char particles can be calculated from the 
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sk = EO$ - e) 5 )  

To estimate maximum radiation. the emissivity E of coal and char is assumed to be unity. The rate 
of heat transfer by conduction from the hot surrounding gas can be expressed as: 

where 

Assuming the coal and char are surrounded by nitrogen, the thermal conductivity of nitrogen can be used 
in the calculation. The heat flux due to conduction to the coal and char particles can be estimated by: 

qb = qJAs 8) 

The heat transfer coefficient for convection is determined from the Nusselt number (taken as two) (22) and 
the diameter of the pmic!e, dj, by: 

h = Nu IQd, 9) 

where K is the thermal conductivity of the surrounding gas. The heat flux to the particle by convection can 
be determined by: 

q; = h(Tf - TJ 10) 

The heat fluxes due to radiation, conduction, and convection as function of the time are shown in 
Figures 5 and 6 for coal and char particles, respectively. The instantaneous heat fluxes are a strong 
function of the residence time. The total heat fluxes varied from 27 w/cm2 at the beginning to zero at the 
end of a run corresponding to a 9 s time interval. The dominant mode of heat transfer was conduction. 
Radiation conmbuted less than convection in the early heat up stage. However, after 2 s the same amount 
of heat was supplied by radiation as supplied by convection. 

A comparison of the total heat flux to the coal and char particles is shown in Figure 7. The smooth 
decay in heat flux for both the char and coal in the early stage (< 2s) characterizes the heatup processes. 
An obvious inflection occurs in the heat flux curve for the coal, which implies the initiation of pyrolysis. 
More heat is received by the coal than the char to meet the needs of endothermic pyrolysis until the coal is 
converted into char. The total heat quised to heat and pyrolyze the coal particles can be calculated by 
integrating the heat flux: - 

where wd is the sample weight on a dry basis. The calculated heats required by the coal and char 
are shown in Figures 8 and 9, respectively. The figures show clearly that the heat transferred through the 
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surrounding gas by conduction and convection amounts to 80% of the total. Only 20% of the heat is 
contributed by radiation. This is not surprising since heat transfer by conduction and convection is 
proportional to the temperature difference, AT = Tf - Ts. whereas the driving force for radiation is 
proportional to the difference between the fourth powers of the temperatures, Tfl - Ts4, a much stronger 
function of the absolute furnace temperature. Therefore, at higher Tf, radiation plays a more important 
role. From Eq. (11) the total heat needed to heat the char to 873 K is 1917 J/g. The heat required to heat 
coal and pyrolyze it is 2219 J/g (dry basis). Assuming that the original coal, char and volatiles have the 
Same specific heats, about 300 J/g is needed for the decomposition. This is less than 15% of the total heat 
required by the coal. Therefore, the heat capacity is the major term in the heat transfer calculation. 

Kinetics 

Devolatilization results from the TGA experiments are presented in Figure 10. The data are 
expressed as the percentage weight loss of the coal (daf) versus residence time. The particle surface 
temperature for the same size coal particles at the same furnace temperature as for the TGA method is also 
plotted in Figure 10. The inflection point A on the Ts curve is the pyrolysis initiation point, as discussed 
before, and the completion point B is defined as the time when Ts equals Tf. The weight loss data are 
consistent with these temporal characteristics. Before the initiation point, only about 2% weight loss is 
observed, but up to the completion point more than 95% of the total weight loss is reached. The total 
weight loss is about 37% (daf) which is less than the ASTM proximate volatile matter (- 50%). This is 
because the experiments were performed at a temperature of more than 300 K less than the ASTM test. 

occur during pyrolysis, namely heatup and reaction. Badzioch and Hawksley (23) reported negligible 
weight loss until the coal particles reached about 673 K, before the pyrolysis reaction became significant 
They expressed the total pyrolysis time as: 

The fact that negligible weight loss was observed before point A proves that two distinct processes 

tT= tH + tR 12) 

where the subscripts T, H, and R represent the total, heatup, and reaction times, respectively. For 
millimeter-sized coal particles, the heatup stage is more signifcant. Under the conditions in this study, for 
1 mm particles, it took 2 s to initiate the pyrolysis reaction. 

TGA, a simple first order model was used: 
As a first attempt to determine pyrolysis rates for the millimeter-sized single coal particles in the 

dv r= kV 13) 

and k = k~ exp (-WRTp) 15) 

Because of the difficulty of measuring the particle temperature, TP, most kinetic studies use Eq. (13) with 
the assumption that the coal particle is instantaneously heated to the fumace temperature. This may be 
allowable for smaller pulverized coal but is not acceptable for millimeter-sized, or larger particles, although 
it has still been used by others (16). In this study an attempt was made to reduce the error caused by the 
improper assumption of isothermality. The particle surface temperature, Ts, is substituted into Eq. (15) 
for Tp. This is based on the assumption that the thermal conductivity of the coal is infiiite. This is not 
correct but is an improvement over use of the heat source temperature. Therefore, Eqs. (13) and (15) can 
be expressed as: 

16) 
dv x= b e x p  (- E/R Ts) V 

or: 
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1 dV E l  In (--. -) = In -a* T V dt S 

The logarithm term on the left hand side of Q. (17) is plotted against the reciprocal of Ts in Figure 11. 
The activation energy and pre-exponential factor were derived from the slope and the intercept of the 
straight line in Figure 11. The activation energy estimated from Eq. (17) is 34.0 kcallmole and the p m  
exponential factor is 4.8 x 108 s-1. The activation energy is more than four times that reported by Saito et 
al. (16) for pyrolysis of millimeter-sized subbituminous coal panicles. 

CONCLUSIONS 

A themocouple array was used to measure temperature gradients in the gas phase around captive 
coal and char particles during heatup and pyrolysis in preheated nitrogen. Instantaneous particle surface 
temperatures were extrapolated from the measured gas temperatures at different distances from the 
particles. Based on basic heat transfer principles, heat fluxes of conduction, convection, and radiation 
were calculated. Heat fluxes to the particles were strongly dependent on residence time, varying from 27 
W/cm2 to 0 at the completion of pyrolysis. The total heat required for heatup and pyrolysis was 
determined by integration. The results indicated that 80% of the total heat was transferred through the gas 
phase by conduction and convection. Radiation at the low operating temperature made a minor 
contribution to the total heat transfer. 

The temperature history of the 1 mm diameter coal particles indicated that pyrolysis did not occur 
isothermally. Two seconds elapsed prior to the onset of pyrolysis. Particle surface temperatures were 
substantially lower than the furnace tempemtux until pyrolysis was completed. 

data were obtained using a modified TGA method which simulated the TCA conditions. An activation 
energy and pre-exponential factor were estimated from a first order rate expression the values being 34 
kcal/mole and 4.8 x 10-8 s-l, respectively. 

An attempt was made to use instantaneous particle temperatures in  a kinetic analysis. Weight loss 
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Logarithm average area, cm2 
Area of heat transfer boundary, cm2 
 rea of particle surface, cm2 
Heat transfer boundary diameter, cm 
Particle diameter, cm 
Activation energy, kcallmole 
Coefficient of convective heat transfer, 
W/cm2 K 
Therrnoconductivity, W/cm K 
Rate constant, s-1 
Pre-exponential factor, s-1 
Nusselt number 
Total heat, J 
Heat transfer rate by conduction, W 

Heat flux by conduction, W/cmZ 

Heat flux by radiation, W/cm2 

Total heat flux, W/cm2 

qV 
R 
Tf 
TP 
TS 
t 
tH 
tR 
rn 
V 
W 
Wd 
W.W 
X 

X b  

E 

0 

X 
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Heat flux of convection, W/cm* 
Universal gas constant 
Furnace temperature, K 
Particle temperature, K 
Particle surface temperature, K 
Time, s 
Heatup time, s 
Reaction time, s 
Total time, s 
Fraction of remaining volatiles 
Weight loss at time t 
Sample weight on dry basis, g 
Maximum weight loss, g 
Dimensionless distance 
Distance, cm 
Distance from particle surface to heat 
transfer boundary, cm 
Emissivity 
Stefan-Boltzmann Constant 
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PYROLYSIS OF ME ARGONNE PREUIUM COALS UNDER SLOW HEATING CONDITIONS 

M.A. Serio, P.R. Solomon, and R.M. Carangelo 

Advanced Fuel Research, Inc., 87 Church St., East Har t ford,  CT06108 USA 

INTRODUCTION 

The establ ishment  o f  t h e  Argonne Premium Sample Bank (1) w i l l  a l l ow  more 
meaningful comparisons t o  be made between p y r o l y s i s  s tud ies from d i f f e r e n t  
laborator ies.  Th is  sample bank a l so  provides a good s u i t e  o f  coals f o r  examining 
rank de endent phenomena, such as the  k i n e t i c s  o f  primary gas evolut ion.  
"generay" model of coal p y r o l y s i s  proposed by our  research group (2-4) has as one 
of  i t s  assumptions t h a t  the k i n e t i c s  o f  primary product e v o l u t i o n  are rank- 
insensi t ive.  
experiments where o n l y  coal type was va r ied  as we l l  as data from s i m i l a r  
experiments i n  t h e  l i t e r a t u r e  (5). 
the k i n e t i c  r a t e  constants f o r  i n d i v i d u a l  species evolved from coals  pyrolyzed 
under t h e  same cond i t i ons  show l i t t l e  v a r i a t i o n  w i t h  rank. 
conclusion remains con t rove rs ia l .  
oppor tun i ty  t o  f u r t h e r  t e s t  t h i s  assumption with a set of coals  t h a t  was designed 
t o  coyer a ~ i d e  ran:e o f  coal types. P. S I C P I ,  c ~ n s t a n t  heat ing r z t c  e x p e r i m ~ t  iia: 
used, which i s  t h e  most s e n s i t i v e  t o  r a t e  va r ia t i ons .  

A second con t rove rs ia l  area i s  t he  importance o f  heat ing r a t e  on the v o l a t i l e  
product y i e l d  and d i s t r i b u t i o n .  
i n t r i n s i c  e f f e c t  o f  heat ing r a t e  on p y r o l y s i s  y i e l d s  (6 )  and other  s tud ies have 
ind icated t h e  converse t o  be t r u e  (7.8). 
done under s u f f i c i e n t l y  d i f f e r e n t  experimental condi t ions t h a t  d i r e c t  comparisons 
are d i f f i c u l t .  
f o r  bituminous c o a l s  and on t a r  molecular weight d i s t r i b u t i o n s  f o r  l i g n i t e s  (3,9). 
We plan t o  extend t h i s  work t o  t h e  Argonne coals i n  order t o  b e t t e r  es tab l i sh  these 
trends. 
coals under slow heat ing cond i t i ons  i n  a unique TG-FTIR instrument developed i n  ou r  
laboratory .  
also presented. 
These w i l l  be the  sub jec t  o f  another paper. 

A recen t  

This assumption was tested by a thorough examination o f  our  data from 

The conclus ion was tha t ,  w i t h  few exceptions, 

However, t h i s  
The Argonne premium samples prov ide an 

Evidence has been presented which suggests no 

However, o f t e n  these s tud ies have been 

Our own work has i nd i ca ted  a r o l e  f o r  heat ing r a t e  on t a r  y i e l d s  

The c u r r e n t  paper i s  concerned p r i m a r i l y  w i t h  p y r o l y s i s  of the Argonne 

Resul ts  from slow heat ing r a t e  p y r o l y s i s  i n t o  a FIMS apparatus are 
Experiments have a l so  been done under r a p i d  heating condi t ions.  

EXPERIMENTAL 

Coal Properties - Elemental data are given f o r  t he  Argonne coals  i n  Table I. 
in format ion was obtained from Ref. .I. 

Th is  
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TABLE 1 - ELEMENTAL ANALYSES o$ ARGONNE PREMIUM COAL SAMPLES (1) 

%daf bas is  % d r y  bas is  
C H 0 S Ash 

1. Pocahontas 91 4.7 3 0.9 5 
2. Upper Freeport 87 5.5 4 2.8 13 
3. P i t t sbu rgh  #8 83 5.8 8 1.6 9 
4. Upper Kanawha 81 5.5 11 0.6 20 
5. Utah B l i n d  Canyon 79 6 .O 13 0.5 5 
6. I l l i n o i s  No. 6 77 5.7 10 5.4 16 
7. Wyodak 74 5.1 19 0.5 8 
8. Beul ah-Zar, 73 5.3 21 0.8 6 

TG-FTIR - The apparatus i s  the TG/PLUS o f fe red  by Bomem, Inc.. It cons is t s  o f  
a sample suspended from a balance i n  a gas stream w i t h i n  a furnace. As the sample 
i s  heated, t h e  evolv ing t a r s  and gases are c a r r i e d  out o f  the furnace d i r e c t l y  i n t o  
a 5 cm diameter gas c e l l  (heated t o  150°C) f o r  analys is  by FT-IR. The TG/PLUS 
couples a Dupont 951 TGA w i t h  a Bomem Michelson 100 FT-IR spectrometer. 

gas c e l l  over a short path t o  minimize secondary react ions o r  condensation on c e l l  
wal ls. I n  add i t i on ,  t h e  furnace geometry, the sample size, the sweep gas and f l ow  
ra te  have been chosen t o  ensure t h a t  the condensable products form a submicron 
aerosol mis t .  This s i z e  aerosol has two advantages: 1 )  the p a r t i c l e s  f o l l o w  t h e  
gas stream l i n e s ,  thus min imiz ing condensation; and 2) the p a r t i c l e s  produce l i t t l e  
sca t te r i ng  i n  the  mid I.R., so the  condensable products can be analyzed d i r e c t l y  i n  
the  FT-IR c e l l .  

The FT-IR can ob ta in  spectra every 30 seconds t o  determine q u a n t i t a t i v e l y  the 
evolut ion r a t e  and composition o f  most p y r o l y s i s  products. 
sample t o  be heated i n  a gas f l o w  o f  selected composition on a pre-programmed 
temperature p r o f i l e  a t  ra tes between 1°C min-1 and 100°C min- l  up t o  a temperature 
between 20 and 1000°C and held f o r  a spec i f i ed  time. The system cont inuously  
monitors: 1) the  time-dependent evo lu t i on  o f  t h e  gases ( i nc lud ing  s p e c i f i c  
i d e n t i f i c a t i o n  o f  the i n d i v i d u a l  species such as CO, COz, H20, CH4, CzH 
benzene, heavy paraff ins, heavy o le f i ns ,  HCN, HC1, NH3, NO, NO2, SO2, C$,c$s: 
CH30H. CH3CHO and CH3COCH3); 2) the t a r  evo lu t i on  r a t e  i nd  i t s  i n f r a r e d  spectrum 
w i t h  i d e n t i f i a b l e  bands from t h e  funct ional  groups; and 3) weight o f  t h e  non- 
v o l a t i l e  ma te r ia l  (char  plus minera l  components). An analys is  of C, H, N and S i n  
t h e  residue a t  t he  end o f  the p y r o l y s i s  experiment can be obtained by  i n t roduc ing  
oxygen t o  burn the residue and analyzing the combustion products. 

For t h e  experiments repor ted here, approximately 351119 o f  each coal sample was 
heated a t  30°C/min, f i r s t  t o  150°C-for d ry ing  and then t o  900°C f o r  py ro l ys i s .  
Addi t ional  d e t a i l s  on the  TG-FTIR apparatus can be found i n  Refs. 10 and 11. 

FIMS - Molecular weight d i s t r i b u t i o n s  o f  t h e  primary py ro l ys i s  t a r s  were 
determined a t  S R I ,  I n te rna t i ona l  using the  F i e l d  Ion i za t i on  Mass Spectrometry 
(FIMS) apparatus described by S t .  John e t  a l .  (12). 
0.05'C/sec i n  a vacuum chamber. 

The apparatus i s  designed t o  c a r r y  evolved products from the furnace t o  t h e  

The system al lows t h e  

The samples were heated a t  

RESULTS AND DISCUSSION 

The q u a n t i t a t i v e  gas evo lu t i on  p l o t s  from a l l  e i g h t  coals are presented i n  
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Figs. 1-6 f o r  t a r s  p l u s  a l i p h a t i c s ,  CH4, Cop, CO, SO2 and H20 respec t i ve l y .  
coals are arranged on each p l o t  according t o  t h e  rank o rde r  g iven i n  Table 1. The 
actual temperature-t ime p r o f i l e s  are given on the f i r s t  p l o t  i n  each f i gu re .  

The r e s u l t s  show how the s t r u c t u r e  o f  the product gas evo lu t i on  curves va r ies  
from simple i n  the case o f  hydrocarbons t o  complex i n  the  case o f  oxygenated 
species. One reason i s  t h a t  t h e  l a t t e r  are l i k e l y  t o  be in f luenced by mineral 
decomposition peaks. 
demineralized samples, which we are i n  the  process o f  doing. 

assumption o f  rank - insens i t i ve  k i n e t i c s ,  a compi la t ion was made o f  t he  temperatures 
f o r  maximum evo lu t i on  r a t e  f o r  the evo lu t i on  o f  the most cons i s ten t l y  prominent 
peaks f o r  each gaseous product. This was d i f f i c u l t  i n  some cases because o f  t he  
fac t  t h a t  'numerous "subpeaks", shoulders and minor peaks were o f t e n  present. 
However, i t  was t h e  usual case t h a t  an i d e n t i f i a b l e  peak appeared i n  t h e  same 
temperature v i c i n i t y  f o r  each coal. 
Table 2. 

I n  general,  t he  standard dev ia t i ons  are greatest  f o r  oxygenated gases (COP, 
CO, S02, H20) compared t o  hydrocarbon gases (CH4, t a r / a l i p h a t i c s ) .  Th is  phenomena 
was also observed p rev ious l y  (5) .  
a range i n  the peak temperature o f  4OoC corresponds t o  a f a c t o r  o f  5 i n  the r a t e  
whi le  a range i n  t h e  peak temperature o f  65OC corresponds t o  a f a c t o r  o f  10 (5). 
It appears t h a t  about one-half o f  t he  10 products show a v a r i a t i o n  o f  x5 o r  less, 
wni le  one-haif show a v a r i a t i o n  o f  x10 o r  less. 

temperature evo lu t i on  peak which i s  probably due t o  unattached guest molecules i n  
the coal. These are most apparent i n  the P i t t sbu rgh  and Upper Freeport evo lu t i on  
curves. A comparison o f  t he  i n f ra red  spectra obtained a t  the l ow  and h igh  
temperature peaks i s  presented i n  Fig. 7. The spectrum taken a t  the e a r l y  peak 
(Fig. 7b) has been scaled up t o  compare t o  the spectrum from t h e  l a t e r  peak (Fig. 
7c). The e a r l i e r  peak appears t o  have a s l i g h t l y  h igher  a l i p h a t i c  t o  aromatic 
content compared t o  t h e  l a t e r  peak. This would be consis tent  w i t h  t h e  concept o f  
some guest polynethylene i n  the coal ,  perhaps mixed w i t h  small molecules more 
representat ive of t he  c o a l ' s  average organic s t ructure.  

The 

O f  course t h i s  can be assessed t o  a l a rge  extent  by running 

I n  order t o  determine how wel l  py ro l ys i s  o f  t he  Argonne coals  agreed w i t h  t h e  

The r e s u l t s  o f  t h i s  ana lys i s  are tabulated i n  

If one assumes a 50 Kcal/mole a c t i v a t i o n  energy, 

An i n t e r e s t i n g  fea tu re  o f  t he  t a r  evo lu t i on  curves i n  Fig. 1 i s  a low 

FIW Analysis 

Molecular weight d i s t r i b u t i o n s  o f  coals  were obtained a t  S R I  I n te rna t i ona l  
using the  F i e l d  I o n i z a t i o n  Mass Spectrometry (FIMS) apparatus described by S t .  John 
e t  a l .  (11). The coal samples were pyrolyzed d i r e c t l y  i n  the FIMS apparatus. The 
FIMS technique produces l i t t l e  fragmentation o f  t he  evolved t a r s  and so provides a 
good determinat ion o f  t he  t a r  molecular weight d i s t r i b u t i o n .  
present t he  weight l o s s  o f  s i x  O f  t he  e i g h t  Argonne coals  heated i n  t h e  FIMS 
apparatus a t  O.O5'C/sec. 

The spectra show a d i s t i n c t  progression from low t o  h igh rank. The highest 
rank coals, Pocahontas (Fig. 8a) and Upper Freeport (Fig. 8b) both show low 
i n t e n s i t i e s  a t  low molecular weights (100 - 200 amu). Th is  suggests few one and 
two r i n g  c lusters .  The i n t e n s i t y  i n  the 200 - 600 amu range, however, suggests t h e  
presence o f  three,  f o u r  and h igher  r i n g  c l u s t e r  sizes and dimers and t r i m e r s  of 
these. 
t a r  peak i n  Fig. 1) and lower number o f  small r i n g  c l u s t e r s  capable o f  being 
vo l  a t i  1 i zed. 

Figures 8 and 9 

The low  y i e l d  f o r  the Pocahontas i s  due t o  i t s  h igher  bond energies (525OC 
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The in termediate rank coals ,  P i t t sbu rgh  (Fig. sa), Utah (Fig. 9b) and Upper 
Knawha (Fig. 8c) a l l  have s i m i l a r  molecular weight d i s t r i b u t i o n s  showing 
substant ia l  i n t e n s i t i e s  i n  the  100 t o  200 amu region i n d i c a t i v e  o f  one and two r i n g  
c lus te rs  as we l l  as i n  the 200 t o  600 amu range. 

amu, but s u b s t a n t i a l l y  lower i n t e n s i t y  above 200 amu. 
l i g n i t e  also, and has been explained by extens ive cross l i n k i n g  re la ted  t o  carboxyl 
groups i n  low rank coa ls  (4). 

The low rank coal, Wyodak (Fig. 9c) shows h igh  i n t e n s i t y  between 100 and 200 
This  i s  t y p i c a l  o f  t he  Zap 

CONCLUSIONS 

1. For most species the re  i s  a t rend o f  increas ing evo lu t i on  tem e ra tu re  w i t h  
increas ing rank. However, t he  v a r i a t i o n s  are small enough t h a t  t i e  assumption o f  
rank - insens i t i ve  k i n e t i c s  i s  a good f i r s t  approximation f o r  nea r l y  a l l  o f  t h e  major 
v o l a t i l e  products. 

2. 
rank. 
(200-600 amu), wh i l e  lower rank coals  show greater  i n t e n s i t y  i n  the lower molecuqar 
weight range (100-200 amu). 

There i s  a systematic v a r i a t i o n  i n  the t a r  molecular weight d i s t r i b u t i o n  w i t h  
Higher rank coals  show greater  i n t e n s i t y  i n  t h e  h igh  molecular weight ran e 
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Figure 1. 
Coals in a TG-FTIR at 0.5"C/s. a) Pocdontas; b) Upper Freeport; 
c) Pittsburgh; d) Upper Knawha; e) Utah Blind Canyon; 0 Illinois 
No. 6; g) Wyodak; h) Zap. 
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Figure 2. Evolution Rate for CH4 from the Eight Argonne Coals 
in a TG-FTIR at 0.5"C/s. a) Pocahontas; b) Upper Freeport; 
C) Pittsburgh; d) Upper Knawha; e) Utah Blind Canyon; f~ Illinois 
No. 6; g) Wyodak; h) Zap. 
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Figure 3. Evolution Rate for CO from the Eight Argonne 
Coals in a TG-FTIR at 0.5OC/s. a)%ocahontas; b) Upper Freeport; 
c) Pittsburgh; d) Upper Knawha; e) Utah Blind Canyon; f l  Illinois 
No. 6; g) Wyodak; h) Zap. 
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Figure 4. 
in a TG-FTIR at 0.5"C/s. a) Pocahontas; b) Upper Freeport; 
c) Pittsburgh; d) Upper Knawha; e) Utah Blind Canyon; 
No. 6; g) Wyodak; h) Zap. 
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Figure 5. from the Eight Argonne Coals 

c) Pittsburgh; d) Upper Knawha; e )  Utah Blind Canyon; f l  Illinois 
No. 6; g) Wyodak, h) Zap. 
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Figure 6. Evolution Rate for H 0 from the Eight Argonne Coals 
in a TG-FTIR at 0.5"Cls. a) Poca%ontas; b) Upper Freeport; 
c) Pittsburgh; d) Upper Knawha; e) Utah Blind Canyon; f) Illinois 
No. 6; g) Wyodak; h) Zap. 

306 



Bo 

Figure 7. Spectrum of Products Evolved in Pyrolysis. a) Rate 
for Tar Evolution showing two Peaks, b) Spectrum at First Peak and 
c) Spectrum at Second Peak. 
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Figure 8. Tar Molecular Weight Distributions for Three 
Argonne Coals Pyrolyzed in  the SRI FIMS Apparatus at 
0.05DC/s. a) Pocahontas; b) Upper Freeport; c) Pittsburgh. 
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Figure 9. 
Argonne Coals Pyrolyzed in the SRI FIMS Apparatus at 
O.O5"C/s. a) Upper Knawha; b) Utah Blind Canyon; 
c) Wyodak. 
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CROSSLINKING REACTIONS IN COAL PYROLYSIS 

G.V. Deshpande, P.R. Solomon, and M.A. Ser io  

Advanced Fuel Research, Inc., 87 Church Street ,  East Har t ford,  CT 06108 

INTRODUCTION 

During coal py ro l ys i s ,  t he  break up o f  t h e  coal macromolecular network i s  
c o n t r o l l e d  by the r e l a t i v e  rates o f  bond breaking, c r o s s l i n k i n g  and mass t ranspor t .  
Cross l ink ing react ions are important because the u l t ima te  t a r  y i e l d  and t a r  
molecular weight d i s t r i b u t i o n  are dependent on the extent  o f  these react ions.  
Cross l ink ing,  as measured by so lvent  swe l l i ng  experiments, i s  observed t o  be rank 
dependent, w i t h  l i g n i t e s  c ross l i nk ing  a t  lower  temperatures than bituminous coals. 

I n  a recent study o f  c ross l i nk ing ,  Suuberg e t  a l .  (1) observed t h a t  t he  
c ross l i nk ing  ra te  appeared t o  c o r r e l a t e  w i t h  the evo lu t i on  o f  CO . 
c o r r e l a t i o n  was confirmed by Solomon e t  al.  (2.3). It appears t t a t  c r o s s l i n k i n g  
may be r e l a t e d  t o  the decomposition o f  carboxyl groups (whose concentrat ion i s  rank 
dependent) t o  form Cop. Recent research ( 4 )  has a lso demonstrated t h a t  subs tan t i a l  
reduct ions i n  the  c ross l i nk ing  react ions can be achieved by u l t r a  r a p i d  heating. 
The h igh heat ing r a t e  condi t ions f o r  l i g n i t e s  produce me l t i ng  and swe l l i ng  o f  char, 
higher y i e l d s  of so lub le products, and product molecular weight d i s t r i b u t i o n s  
p rev ious l y  seen on ly  f o r  mel t ing,  e a s i l y  so lub le  coals. 

number o f  coals have been pyrolyzed under a v a r i e t y  o f  temperature h i s t o r i e s  and 
analyzed a t  in termediate extents  o f  p y r o l y s i s  f o r  so lvent  swe l l i ng  behavior, 
f unc t i ona l  group compositions and gas evolut ion.  
the hypothesis t h a t  low temperature c ross l i nk ing  i s  re la ted  t o  the  decomposition o f  
carboxyl groups t o  form CO2. 

EXPERIMENTAL 

This  

This  paper describes a study o f  c r o s s l i n k i n g  behavior i n  which chars o f  a 

The behavior i s  cons is tent  w i t h  

Coals Exanined 

perdeutero-methylated Big Brown Texas l i g n i t e s ,  Wellmore Kentucky #9, P i t t sbu rgh  
Seam ( h i g h  ash), P i t t sbu rgh  Seam (Argonne sample) bituminous coals  and ox id ized 
P i t t sbu rgh  Seam ( h i g h  ash) bituminous coal. The u l t ima te  analys is  of each coal i s  
given i n  Table I. 

Char Preparat ion 

given i n  Tagle I. The chars were formed by heat ing i n  an i n e r t  gas w i t h i n  an 
ent ra ined f l ow  reac to r  [EFR) and a heated tube reac to r  (HTR) f o r  a v a r i e t y  o f  
residence times and maximum temperatures, o r  by heat ing i n  a Thermogravimetric 
Analyzer (TGA) a t  30"C/min t o  900Y where the v o l a t i l e s  are analyzed on - l i ne  by 
Four ier  Transform I n f r a r e d  (FT-IR) spectroscopy (TG-FTIR). 
d e s c r i p t i o n  can be found i n  Ref. 5. 

Char Charac te r i za t i on  

The chars were analyzed by q u a n t i t a t i v e  FT-IR spectroscopy us ing the K B r  
p e l l e t  method (6.7). The chars were a lso analyzed using the  so lvent  swe l l i ng  
techniques developed by J.W. Larsen and coworkers ( 8 3 )  t o  quan t i f y  and moni tor  t he  
densities o f  covalent c ross l i nks  i ns ide  t h e  macromolecular framework o f  coal chars. 

Experiments were done w i t h  North Dakota (Zap), B ig Brown Texas, and 

The ex eriments described here were c a r r i e d  out on chars formed from the coals  

A more de ta i l ed  

3 10 



RESULTS AllD DISCUSSION 

Rank Dependence o f  Cross l i nk ing  Reactions 

recen t l y  reported by Suuberg e t  a l .  (1 ) .  
c ross l i nk  a t  temperatures (650 K) f a r  below those where bituminous coals  c ross l i nk  
(800 K) .  
of c ross l i nk ing  i n  coal py ro l ys i s .  

Figure 1 shows t h e  vo lumetr ic  swe l l i ng  r a t i o  f o r  Zap and Big Brown Texas 
l i g n i t e s  and Wellmore Kentucky #9, P i t t sbu rgh  Seam (Argonne sample) and Oxidized 
P i t t sbu rgh  Seam (h igh  ash) bituminous coa ls  measured as a func t i on  o f  temperature. 
The swe l l i ng  r a t i o  p r o f i l e s  are presented as (1-X) where X i s  the change i n  the 
solvent swe l l i ng  r a t i o  between the coal and char, normalized by the  maximum change. 
The curves are q u i t e  d i f f e r e n t  among the  f i v e  samples. 
much lower temperatures than the  bituminous coals, w h i l e  t h e  ox id ized bituminous 
coal i s  an in termediate case. 

The extent  o f  low temperature c ross l i nk ing  co r re la tes  w i t h  the  carbonyl 
concentrat ion o f  t h e  coal as measured by FT-IR. The carbonyl concentrat ion i s  
d i r e c t l y  re la ted  t o  the concentrat ion o f  carboxyl groups. The high rank coals  have 
a very low concentrat ion o f  carboxyl groups, as seen by a l ow  i n t e n s i t y  carbonyl 
band a t  1700 wavenumbers, i n  Fig. 2. The ox id ized P i t t sbu rgh  Seam coal and the low 
rank coals have much h igher  carbonyl peaks. 

B i q  Brown Texas l i p i t e  shnws a s l i 9 h t l y  s lower  r a t e  n f  cross!inkin; than Z:p 
l i g n i t e ;  Schobert e t  a l .  (10) compared the ESCA spect ra o f  Big Brown Texas and 
Beulah Zap l i g n i t e s  and found t h a t  the ca rboxy l i c  peak t o  be l ess  pronounced i n  the 
Big Brown spectrum. 
had a lower carboxy l ic  content than the Nor th Dakota Zap l i g n i t e .  
l i g n i t e s  a re  heated a t  30°C/min t o  6OO0C, Big Brown Texas l i g n i t e  evolves l e s s  COP 
(8%) than Zap l i g n i t e  (11.3%). The area corresponding t o  t h e  carbonyl peak i n  the 
FT-IR spectrum o f  B ig Brown Texas l i g n i t e  i s  a lso l ess  (1.29) than f o r  the Zap, 
l i g n i t e  (1.69). 
c ross l i nk ing  react ions i n  l i g n i t e s  occur w i t h  l o s s  o f  carboxyl groups and evo lu t i on  
of carbon d iox ide  and t h e  extent  o f  c r o s s l i n k i n g  i s  d i r e c t l y  re la ted  t o  the amount 
o f  these l a b i l e  carboxyl groups present i n  coal. Bituminous coals which do not 
have a l a r g e  concentrat ion of these groups do not undergo e a r l y  c ross l i nk ing  
reactions. A major c o n t r i b u t i o n  o f  hydroxyl groups i n  e a r l y  cross l  i n k i n g  react ions 
i s  not  l i k e l y  because bituminous coals  have a l a r g e r  concentrat ion o f  hydroxyl 
groups than the carboxyl groups and do no t  c r o s s l i n k  a t  low temperatures. 

Heating Rate Dependence o f  Cross l i nk ing  Reactions 

An important observat ion was made t h a t  cross l  i nk ing  react ions could be 
minimized by ca r ry ing  out  t he  py.rolysis a t  a very h igh  heat ing rate.  
t h e  e f f e c t  of heat ing r a t e  on t a r  y i e l d  and vo lumetr ic  swe l l i ng  r a t i o  i n  p r i d i n e  
f o r  North Dakota (Zap) l i g n i t e  i s  compared f o r  r a p i d  p y r o l y s i s  (20,000°C/s~ and 
slow py ro l ys i s  (0.5"C/s). 
c ross l i nk  p r i o r  t o  the  t a r  evo lu t i on  i n  slow py ro l ys i s ,  whereas c ross l i nk ing  occurs 
simultaneously w i t h  t a r  evo lu t i on  i n  r a p i d  py ro l ys i s .  
du r ing  r a p i d  p y r o l y s i s  i s  h igher  than t h a t  obtained a t  low heat ing ra te  by more 
than a f a c t o r  o f  two. 
chars produced a t  800°C w i t h  heat ing ra tes  o f  6OO0C/s and 20,000 C/s. 
char shows l i t t l e  evidence o f  f l u i d i t y  wh i l e  the 20,000"C/s char shows f l u i d i t y ,  
bubbling, and swel l ing.  
reactions. 

Measurements o f  t h e  appearance o f  c ross l i nks  du r ing  coal py ro l ys i s  were 
Thei r  r e s u l t s  showed t h a t  l i g n i t e s  

This mot ivated the  present study o f  sys temat i ca l l y  measuring the extent  

The l i g n i t e s  c ross l i nk  a t  

Spackman (11) has a lso reported t h a t  B i g  Brown Texas l i g n i t e  
When bo th  

These observations are consis tent  w i t h  the hypothesis t h a t  e a r l y  

I n  Fig. 3, 

It can be c l e a r l y  seen t h a t  t he  l i g n i t e  s t a r t s  t o  

The t a r  y i e l d  obtained 

F igu re  4 compares scanning e lec t ron  rnicro2raphs o f  l i g n i t e  
The 6OO0C/s 

This  i s  be l ieved t o  be due t o  reduced c ross l i nk ing  
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Chemical Modi f icat ion o f  Cross l ink ing Reactions 

due t o  carboxyl groups, slow p y r o l y s i s  (hea t ing  rate,  0.5 K / s )  o f  B ig Brown Texas 
and perdeutero-methylated Big Brown Texas l i g n i t e s  were c a r r i e d  o u t  i n  t h e  TG-FTIR. 
The sample o f  perdeutero-methylated B ig  Brown Texas l i g n i t e  was provided f o r  t h i s  
study by Dr. Ron L io t ta .  
gas species CO, C02, pa ra f f i ns ,  CH4, and H20 are shown i n  Figs. 5a-5e, 
respect ive ly ,  for  Big Brown Texas and perdeutero-methyl ated Big Brown Texas 
l i g n i t e s .  
curve. 
of CO2, CO, and H20 evolved i s  l ess  f o r  t he  perdeutero-methylated coal wh i l e  the 
amount o f  CH4 evolved i s  s l i g h t l y  more. 

i s  also h ighe r  f o r  t h e  perdeutero-methylated coal. The weight l oss  p r o f i l e  f o r  
these two coa ls  i s  shown i n  Fig. 5 f .  
s, T < 300°C) i s  d i f f e r e n t  whi le  the  r e s t  o f  t he  weight l o s s  p r o f i l e  du r ing  t h e  
p y r o l y s i s  stage (800 < Time < 2000 s; 300 < T < 900OC) seems t o  be very s i m i l a r .  
The increase i n  weight a t  2040 sec i s  due t o  noise i n  the  balance and i s  n o t  a rea l  
e f fect .  CO, CO2, and H20 evo lu t i on  i s  lower and CH4 and p a r a f f i n  (300 < T < 900°C) 
i s  h igher  fo r  t he  perdeutero-methylated coal. 
l o s s  p r o f i l e s  o f  the two l i g n i t e s .  

perdeutero-methylated coal i s  not  on l y  on the  t o t a l  amount o f  t a r  evolved bu t  a l so  
on the molecular weight d i s t r i b u t i o n  o f  t h e  ta r .  
spectra f o r  raw and perdeutero-methylated Big Brown Texas 1 i gn i tes .  The average 
molecular weight i s  s u b s t a n t i a l l y  increased from t h a t  o f  t h e  unmethylated coal and 
now resembles t h a t  o f  a bituminous coal. 

Effects of Minera ls  on Cross l i nk ing  Reactions 

i n  g a s i f i c a t i o n  and p y r o l y s i s  o f  low rank coals. 
ou t l i ned  by Schafer (16.17) i s  used t o  exchange cat ions w i t h  ammonium ions  o r  load 
the coal w i t h  a c e r t a i n  c a t i o n  (e.g. calcium) i n  d i f f e r e n t  amounts. 

Ty le r  and Schafer (13) found t h a t  t h e  removal o f  cat ions from Ge l l i onda le  

I n  order  t o  t e s t  t he  hypothesis o f  l ow  temperature c ross l i nk ing  i n  l i g n i t e s  

The gas e v o l u t i o n  r a t e  p r o f i l e s  ( i n  a r b i t r a r y  u n i t s )  f o r  

The amount o f  gas species evolved i s  propor t ional  t o  the  area under the 
It can be seen t h a t  du r ing  t h e  p y r o l y s i s  stage (Time < 2000 s) t he  amount 

The amount o f  p a r a f f i n  evolved (which i s  re la ted  t o  the  amount o f  t a r  evolved) 

The i n i t i a l  weight l o s s  p r o f i l e  (Time < 800 

Hence the  d i f f e r e n c e  i n  the  weight 

The e f f e c t  o f  reduct ion i n  c r o s s l i n k i n g  react ions observed i n  p y r o l y s i s  o f  

F igure 6 compares t h e  FIMS 

Several i nves t i ga to rs  (12-15) have s tud ied the  r o l e  o f  exchangeable ca t i ons  
The ion-exchange technique as 

coals  increased the y i e l d s  o f  both t a r  and t o t a l  v o l a t i l e  matter. 
a l so  observed i n  t h a t  the add i t i on  o f  Ca2+ ions t o  an acid-form coal reduced the 
y ie lds .  4he r e v e r s i b i l i t y  o f  the phenomena shows t h a t  t he  increase i n  y i e l d s  on 
c a t i o n  removal i s  no t  the r e s u l t  o f  any permanent chemical mod i f i ca t i on  o r  
degradation o f  t h e  organic s t ruc tu re  o f  t h e  coal dur ing t h e  ac id  treatment (2N HC1 
a t  room temperature). 

Th is  mot ivated the study o f  . e f f e c t  o f  minera ls  on c r o s s l i n k i n g  react ions.  As 
calcium has been the ca t i on  most ex tens i ve l y  studied and low rank coals  have a 
l a r g e  amount o f  calcium cat ions attached t o  the carboxy late anions, I nd ian  Head Zap 
l i g n i t e  was used i n  t h i s  study. 
cat ions,  t he  d e t a i l s  o f  which can be found elsewhere (18,19), 
technique, ca lc ium ions were i o n  exchanged w i t h  1N.ammonium acetate f o r  t h ree  24 
hour periods. 
0.2%. I n  t h e  second technique, deminera l izat ion w i t h  HC1 and HF was used. The 
calcium content  a f t e r  demine ra l i za t i on  decreased t o  0.01%. 

The converse was 

Two techniques were used t o  remove t h e  ca lc ium 
I n  the f i r s t  

The ca lc ium content a f t e r  i o n  exchange was reduced from 1.66 t o  

The swe l l i ng  r a t i o  p r o f i l e s  presented as (1-X) where X i s  t h e  change i n  the  
so lvent  swe l l i ng  r a t i o  between the  coal and char normalized by the  maximum change 
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f o r  i o n  exchanged Zap l i g n i t e ,  demineral ized Zap l i g n i t e  and Zap l i g n i t e  are 
canpared i n  Fig. 7. 
s i m i l a r  t o  raw l i g n i t e  and shows e a r l y  c ross l i nk ing .  It should be noted here t h a t  
t he  calcium has not  t o t a l l y  been removed by the  ion-exchange technique i n  t h i s  
study. 

from t h a t  o f  Zap l i g n i t e .  
l oss  i n  swel l ing due t o  c ross l i nk ing  reactions. 
l i g n i t e s  were pyrolyzed i n  the  TG-FTIR apparatus. The t a r  evolved was higher (da f  
bas is)  and the  CO and COP evolut ions were lower  f o r  t he  demineral ized case. An 
increase i n  t a r  e v o l u t i o n  i s  expected due t o  reduced c r o s s l i n k i n  react ions.  When 
py ro l ys i s  o f  two l i g n i t e s  were c a r r i e d  out a t  h igh  heat ing ra te  q5000 K / s )  i n  t he  
entrained flow reac to r ,  t h e  t a r  y i e l d  was increased from 14% ( f o r  raw l i g n i t e )  t o  
22% due t o  deminera l izat ion.  
increase i n  heat ing r a t e  dur ing p y r o l y s i s  which has been discussed i n  the sect ion 
e n t i t l e d  “Heating Rate Dependence o f  Cross1 i n k i n g  Reactions”. 
supports the idea o f  reduced c ross l i nk ing  due t o  demineral izat ion. 

calcium found by T y l e r  and Schafer (13) was f o r  coals whose cat ions were removed by 
ac id  treatment. 
ext racted by p y r i d i n e  i n  a soxhlet apparatus t o  determine whether any 
depolymerization o f  l i g n i t e  had occurred. 
mater ia l  was 0% fo r  t h e  raw l i g n i t e  and 2.6% f o r  the demineralized l i g n i t e .  
volumetric swe l l i ng  r a t i o  i n  py r id ine  was 2.4 f o r  t he  r a w  l i g n i t e  and 2.5 f o r  the 
demineral ized l i g n i t e .  
d e p o l p e r i z a t i o n  had occurred, If :ny, 36; t o  t h e  deiiiirierai i z a i i o n  procedure 
employed t o  remove t h e  cations. Hence the increase i n  t a r  amount and s h i f t  o f  t h e  
c ross l i nk ing  curve t o  a higher temperature f o r  the same amount o f  l oss  i n  swe l l i ng  
due t o  c ross l i nk ing  for demineral ized Zap l i g n i t e  appears t o  be due t o  the reduced 
mineral content. 

E f f e c t  o f  Oxidat ion on Cross l ink ing Reactions 

To fu r the r  study the r o l e  o f  carboxyl groups i n  cross l ink ing,  P i t t sbu rgh  Seam 
bituminous coal was ox id ized i n  an oven i n  a i r  t o  add carboxyl groups t o  the  coal 
and see whether t h e  ox id ized coal behaved l i k e  a l i g n i t e  i n  slow heat ing r a t e  
pyro lys is .  A f t e r  239 hours o f  ox idat ion,  a l a r g e  increase i n  the absorpt ion o f  I R  
due t o  carbonyl band a t  1700 wavenumbers i s  observed which i s  shown i n  Fig. 2. 
There i s  a s l i g h t  change i n  the  OH band a t  3300 wavenumbers, a l a rge  decrease i n  
the a l i p h a t i c  C-H a t  2900 wavenumbers. This was consis tent  w i t h  the  f i nd ings  o f  
o ther  (20-22) i nves t i ga to rs .  

swelled i n  py r id ine  t o  determine the  c r o s s l i n k  dens i t i es .  
i n  Fig. 1. The ox id i zed  coal shows e a r l i e r  c ross l i nk ing .  as seen by t h e  decrease 
i n  swe l l i ng  r a t i o  (decrease i n  value o f  (1-X)) a t  temperatures above 300yC. 
decrease i s  n o t  as l a r g e  as t h a t  f o r  t he  l i g n i t e s  because the concentrat ion o f  
carboxyl groups formed dur ing ox ida t i on  i s  not  as l a r g e  as tha t  found i n  the  
l i g n i t e s .  The height  o f  t he  shoulder peak a t  1700 wavenumbers corresponding t o  
carbonyl band fo r  ox id i zed  coal i s  smal ler  than both t h e  Zap l i g n i t e  and t h e  B ig  
Brown Texas l i g n i t e .  

the ox id ized coal were taken du r ing  p y r o l y s i s  and are shown f o r  d i f f e r e n t  
temperatures du r ing  p y r o l y s i s  i n  Fig. 8. 
a t  low temperatures f o r  t h e  ox id ized coal than for  t h e  raw coal. Th is  was also 

The c ross l i nk ing  behavior f o r  ion-exchanged Zap l i g n i t e  i s  

The c r o s s l i n k i n g  behavior of demineral ized Zap l i g n i t e  i s  s t r i k i n g l y  d i f f e r e n t  

Both the raw and demineral ized Zap 
It shows a s h i f t  t o  a h igher  temperature f o r  t he  same 

S im i la r  increase i n  t a r  y i e l d  has been found f o r  

This f u r t h e r  

It should be noted t h a t  the increase i n  t a r  y i e l d  due t o  the removal o f  

Both the l i g n i t e  and the demineral ized l i g n i t e s  were exhaust ive ly  

The amount o f  py r id ine  ex t rac tab le  
The 

Both r e s u l t s  show t h a t  a very small degree o f  

The chars o f  the ox id ized coal formed a t  in termediate temperatures were 
These r e s u l t s  are shown 

The 

The o n - l i n e  FT-IR spectra o f  the gas evo lu t i on  products from the raw coal and 

There i s  a l a r g e r  amount o f  CO evo lu t i on  
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found by Ignasiak e t  a l .  (21) i n  t h e i r  study o f  py ro l ys i s  o f  ox id ized bituminous 
coals. The amount of C02 and CO evolved were higher f o r  the ox id ized bituminous 
coal. This i s  cons is tent  w i t h  the  l a r g e r  carbonyl peak i n  the  FT-IR spectrum o f  
the ox id ized coal. 
band a t  2900 wavenumbers) a t  temperatures between 400'C and 550°C i s  greater  f o r  
the raw coal than the ox id ized coal. This i s  cons is tent  w i t h  the f i n d i n g s  o f  
Furimsky e t  a l .  (20). The t a r ,  as it flows ou t  o f  the p y r o l y s i s  chamber o f  t he  TG- 
FTIR i n t o  the FT-IR c e l l ,  forms an aerosol which causes sca t te r i ng  and r e s u l t s  i n  
increased absorption a t  high wavenumbers. The sca t te r i ng  i s  maximum a t  
temperatures between 450 and 5OOOC and i s  a l so  found t o  be greater  f o r  t he  raw coal 
than the  ox id ized coal. 

CONCLUS IONS 

The amount o f  t a r  evo lu t i on  (as seen from absorpt ion o f  C-H 

1. 

2. 

3. 

4. 

5. 

For the low rank coals, the amount o f  t a r  obtained i n  a p y r o l y s i s  process 
increases w i t h  the  increase i n  the  heat ing rate.  

The i n i t i a l  c ross l i nk ing  react ions i n  low rank coals  appear t o  be due t o  
the  presence o f  carboxyl groups. 
grou s i n  l a r g e  concentrat ion do not  show t h i s  k ind o f  behavior i n  
py r oP y s i s . 
Chemical mod i f i ca t i on  o f  carboxyl groups i n  1 i g n i t e s  by me thy la t i ng  
r e s u l t s  i n  increased t a r  y i e l d  and molecular weight d i s t r i b u t i o n  o f  t a r  
looks l i k e  t h a t  o f  a bituminous coal .  

Deminera l izat ion o f  the l i g n i t e  r e s u l t s  i n  decrease i n  the  r a t e  o f  
c r o s s l i n k i n g  reac t i on  and increase i n  t a r  y i e l d  and the increase i s  
h igher  when py ro l ys i s  i s  c a r r i e d  out a t  a h igher  heating rate.  The 
amount o f  CO and C02 evo lu t i on  i s  a l so  decreased due t o  deminera l izat ion.  
These r e s u l t s  are consis tent  w i t h  i on  exchanged minerals p lay ing  an 
impor tant  r o l e  i n  the cross1 i n k i n g  reactions. 

Oxidat ion o f  bituminous coal r e s u l t s  i n  e a r l y  c ross l i nk ing  dur ing 
p y r o l y s i s  due t o  t h e  presence o f  carboxyl groups introduced du r ing  t h e  
o x i d a t i o n  process. 

High rank coals which do not  have these 
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Zap N. Dakota 
Lignite 

Big Brown 
Texas Lignite 

Wellmore Kentucky 
#9 Bituminous 

Pittsburgh Seam 
#8 Bituminous 

Pittsburgh Seam 

Bi  t umi no us 
#8 (Argonne sample) 

TABLE I 

ULTIMATE ANALYSES OF COALS USE0 (ZDAF) 

C H N S 0 ( d i f f )  

66.5 4 .E 1.1 1.1 26.5 

72.4 5.5 1.4 1.2 19.5 

86 .O 5.4 1.5 1.2 5.9 

82.1 5.6 1.7 2.4 8.2 

83.3 5.9 1.6 2.3 6.9 

X 
I 

r( 

0 Zap 
Big Brown 

A Wellmore Ky. #9 
X Pitts Seam (OX) 
+ Pitts Seam (Arg) 

Y 
I 

0 200 400 600 800 1000 
Temperature (“C) 

Figure 1. Comparison of Swelling Data of Zap Lignite, 
Big Brown Texas Lignite, Wellmore Bituminous Coal, 
Pittsburgh Seam Bituminous (high ash) Oxidized Coal 
and Pittsburgh Seam (Argonne sample) Bituminous 
Coal in a TG-FTIR at Various Final Temperatures 
(Heating Rate = 0.5 Ws). 
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Figure 2. 
Texas Lignite, c) Pittsburgh Seam Bituminous (high ash) Oxidized 
Coal, d) Pittsburgh Seam (Argonne) Bituminous, and e) Wellmore Coals Dry, 
Mineral Matter Corrected. 

Comparison of the FT-IR Spectra of a) Zap Lignite, b) Big Brown 
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Figure 3. Effect of Temperature on Tar Yield and Pyridine Swelling 
Ratio of Char for Rapid Pyrolysis of Zap Lignite in Carbon Dioxide 
(solid line) and Slow Pyrolysis of Zap Lignite in Helium (dashed line). 

I Figure 4. 
a) GOO"C/sec Heating Rate and b) 20,000°C/sec Heating Rate. 

Scanning Electron Micrographs of North Dakota Lignite Chars. 
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figUre 5. Thermogravimetric/Evolved Gas Analysis of Big Brown Texas 
and Perdeutero Methylated Big Brown Texas Lignites. a-e) Evolution Rate 
in Arbitrary Units for Individual Gas Species, and 0 Measured Weight Loss. 
(Heating Rate = 0.5 Ws). 1 = Big Brown Texas Lignite and 2 = Perdeutero 
Methylated Big Brown Texas Lignite. 
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Figure 6. 
Perdeutero-methylated Big Brown Texas Lignite. 

Comparison of FlMS Spectra for Raw and 

1.2- 
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X zap Lignite 

Ion-Exchanged 
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Figure 7. Effect of Removal of Ca by Ion Exchange or Demineralization 
on Crosslinking Behavior of Zap Lignite. 

Temperature ("C) 
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Figure& 
Pittsburgh Seam Bituminous (high ash) Coal and Pittsburgh Seam Bituminous 
(high ash) Oxidized Coal. 

FT-IR Spectra of Evolved Products from Pyrolysis of 
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A CHEMICAL MODEL OF COAL DEVOLATILIZATION USING 
PERCOLATION LATTICE STATISTICS 

-- D.M. Grant and R.J. Pugmire, U n i v e r s i t y  o f  Utah 
S a l t  Lake City, UT 84112. 

T.H. F le tcher  and A.R. Kers te in ,  Sandia Nat iona l  Labora tor ies  
Livermove, CA 

ABSTRACT 

We have developed a model f o r  coal d e v o l a t i l i z a t i o n  t h a t  incorpora tes  

the  d i v e r s i t y  o f  coal s t r u c t u r e  i n  such a way t h a t  the  a n a l y t i c a l  da ta  

obtained f r o m  s o l i d  s t a t e  NMR prov ides  the  i n i t i a l  i n p u t  data. Using an 

exper imenta l l y  determined k i n e t i c  r a t e  parameters, i t  i s  poss ib le  t o  f i t  

the  gas, t a r  and char p roduc t ion  o f  a l i g n i t e  and h igh  v o l a t i l e  bi tuminous 

coal. We have employed pe rco la t i on  theory t o  p rov ide  a n a l y t i c a l  expres- 

sions f o r  the l a t t i c e  s t a t i s t i c s  requ i red  i n  d e v o l a t i l i z a t i o n  modeling. 

The pe rco la t i on  theory a l lows one t o  avo id  the  more t ime consuming Monte 

Car lo technique w i t h  no loss  o f  g e n e r a l i t y  o r  important s t a t i s t i c a l  

features. Perco la t ion  theory a n a l y t i c a l l y  descr ibes the  s i z e  d i s t r i b u t i o n  

o f  f i n i t e  c l u s t e r s  o f  s i t e s  j o ined  by i n t a c t  b r idges  b u t  i s o l a t e d  from a l l  

remaining s i t e s  by broken bridges. The theory s p e c i f i e s  a c r i t i c a l  b r i dge  

popu la t ion ,  depending on ly  on the  s i t e  coord ina t ion  number, above which 

i n f i n i t e  a r rays  w i l l  coex i s t  w i t h  c l u s t e r s  o f  f i n i t e  size. 

mat te r  t o  adapt the s t r u c t u r a l  fea tures  o f  pe rco la t i on  theory  t o  bo th  the  

t a r  and gas obtained i n  coal py ro l ys i s .  The i n f i n i t e  a r rays  o f  p e r c o l a t i o n  

theory a re  i n te rp re ted  as the macroscopic l a t t i c e  o f  unreacted coal  and/or 

char w h i l e  the  r e l a t i v e l y  small t a r  molecules may be i d e n t i f i e d  w i t h  the 

f i n e  c l u s t e r s  o f  pe rco la t i on  theory. The d e t a i l s  o f  the model w i l l  be d i s -  

cussed together  w i t h  the  r e s u l t s  obtained i n  modeling d e v o l a t i l i z a t i o n  

behavior of coals o f  var ious  ranks. 

I t  i s  a simple 
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INTRODUCTION 

A model f o r  coal  d e v o l a t i l i z a t i o n ,  the  chemical pe rco la t i on  

d e v o l a t i l i z a t i o n  (CPD) model, has been developed1 t h a t  incorporates the 

d i v e r s i t y  o f  coal s t r u c t u r e  i n  such a way t h a t  the a n a l y t i c a l  data 

obtained from s o l i d  s t a t e  NMR provides some o f  the i n i t i a l  i n p u t  data. 

Using k i n e t i c  r a t e  parameters repor ted  by others2, i t  i s  poss ib le  t o  f i t  

the  gas, t a r ,  and char p roduc t ion  o f  a l i g n i t e  (Zap), and a h igh  v o l a t i l e  

bituminous coal ( I l l i n o i s  No. 6). Perco la t ion  theory i s  employed t o  pro- 

v ide  a n a l y t i c a l  expressions f o r  the l a t t i c e  s t a t i s t i c s  requ i red  i n  the 

d e v o l a t i l i z a t i o n  modeling. 

consuming Monte Car lo  techniques w i t h  apparent ly  no loss o f  g e n e r a l i t y  o r  

important s t a t i s t i c a l  features.  The s t r a i g h t  forward computational tech- 

nique i s  very e f f i c i e n t  even on a small VAX computer as opposed t o  the  more 

t i m e  consuming Monte Car lo  methods which have shown t h a t  appropr la te  l a t -  

t i c e  s t a t i s t i c s  a re  important i n  coal d e v o l a t i l i z a t i o n 3 .  

Perco la t ion  theory a l lows one t o  avo id  the t ime 

The CPD theory  a n a l y t i c a l l y  descr ibes the  s i z e  d i s t r i b u t i o n  o f  f i n i t e  

c l u s t e r s  o f  s i t e s  j o i n e d  by i n t a c t  b r idges  b u t  i s o l a t e d  from a l l  remaining 

s i t e s  by broken br idges. 

l a t i o n  e x i s t s  which depends on ly  on the  s i t e  coord ina t ion  number, 1.7, above 

which i n f i n i t e  a r rays  w i l l  coex i s t  w i t h  c l u s t e r s  o f  f i n i t e  s ize.  I t  i s  a 

s imple mat te r  t o  adapt the  s t r u c t u r a l  fea tures  o f  pe rco la t i on  theory t o  

bo th  the  t a r  and gas obtained i n  coal py ro l ys i s .  The i n f i n i t e  arrays o f  

I n  pe rco la t i on  s t a t i s t i c s  a c r i t i c a l  b r idge popu- 
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p e r c o l a t i o n  theory  a r e  i n t e r p r e t e d  as the  macroscopic l a t t i c e  of unreacted 

coal  and/or  char w h i l e  the  r e l a t i v e l y  small  t a r  molecules may be  i d e n t i f i e d  

w i t h  t h e  f i n i t e  c l u s t e r s  o f  p e r c o l a t i o n  theory. 

EXPERIMENTAL 

The d e v o l a t i l i z a t i o n  data i s  t h a t  repor ted  by Ser io ,  e t .  a1.2, f o r  a 

heated tube reac tor  o f  advanced Fuel Research. The raw k i n e t i c  da ta  was 

k i n d l y  supp l ied  by S e r i o  and Solomon. 

model a r e  those obta ined by Ser io ,  e t .  a1.2, and are  g iven i n  Table I. 

NMR data  f o r  the  coals  a r e  from Solum, et. i~l.~. 

coal  s p e c i f i c  parameters a r e  g iven i n  Table 11. 

The k i n e t i c  parameters used i n  t h e  

The 

The i n i t i a l  and f i n a l  

RESULTS AND DISCUSSIONS 

The d e t a i l s  o f  t h e  Chemical Perco la t ion  Model have been descr ibed by 

The Grant, e t .  a l . l ,  and t h e  d e t a i l s  o f  t h e  model w i l l  n o t  be repeated. 

comparison o f  t h e  t h e o r e t i c a l  s imu la t ions  o f  the experimental da ta  a r e  

g iven i n  F igures 1 and 2 f o r  t h e  I l l i n o i s  No. 6 and ZAP coals. The y i e l d s  

of gas, t a r  and char/unreacted-coal a re  g iven as a f u n c t i o n  o f  r e a c t i o n  

t ime a long w i th  the corresponding p r e d i c t e d  dynamical v a r i a b l e s  r e q u i r e d  

f o r  the  s imulat ions.  The success o f  t h e  s imu la t ions  i s  thought  t o  be good 

cons ider ing  the  number o f  parameters which were const ra ined f rom o ther  

work. We a r e  engaged i n  an assessment o f  t h e  s e n s i t i v i t y  o f  t h e  simula- 
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t i o n s  upon t h e  several  parameters and eventua l l y  hope w i t h  more exper i -  

mental da ta  t o  employ mu l t i r eg ress iona l  ana lys i s  o f  d e v o l a t i l i z a t i o n  da ta  

as a way t o  determine an opt imal se t  o f  parameters. The c o r r e l a t i o n  m a t r i x  

between the  several  parameters i s  expected t o  enhance our understanding of  

the manner i n  which these parameters I n t e r a c t  t o  i n f l uence  t h e  model. 

Several o f  the  fea tures  observed f o r  these d iverse  coa ls  a re  note- 

worthy and war ran t  comnent i n  terms o f  the  dynamical va r iab les  requ i red  i n  

the  s imu la t ions  shown I n  Figures 1 and 2. The con t ras t  i n  t h e  ma te r ia l  

y i e l d s  I n  both coa ls  i s  q u i t e  apparent w i t h  t h e  l i g h t  gas e x h i b i t i n g  the  

t y p i c a l  exponent ia l  character,  w h i l e  t h e  t a r  re lease e x h i b i t s  a p r e c i p i t o u s  

release o r  " f l o o d i n g "  because o f  the  non- l inear  pe rco la t i on  s t a t i s t i c s  

superimposed upon the mul t iexponent ia l  k i n e t i c  parameters which character-  

i z e  the br idge-breaking processes. Even though the a c t i v a t i o n  energy used 

f o r  t a r  fo rmat ion  i s  lower than t h a t  f o r  l i g h t  gas release, considerable 

l i g h t  gas i s  produced be fore  any appreciable amount o f  t a r  i s  released. 

The " f l ood"  o f  t a r  observed as the  l a t t i c e  begins t o  break down dramatizes 

the importance o f  l a t t i c e  s t a t i s t i c s  i n  the t a r  re lease process. While t h e  

q u a l i t a t i v e  fea tures  are  somewhat s i m i l a r  i n  bo th  coals, s i g n i f l c a n t  quan- 

t i t a t i v e  d i f f e rences  may be observed i n  both ma te r ia l  y i e l d s  and t h e  

dynamical va r iab les  p l o t t e d  f o r  the  two coals. The r e l a t i v e  release w i t h  

t i m e  o f  gas and t a r  have s i m i l a r  c h a r a c t e r i s t i c s  i n  bo th  coals. 
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The model accura te ly  p r e d i c t s  the  modest b u t  measurable l o s s  o f  

t a r  weight observed i n  the experimental data2 a f t e r  the i n i t i a l  " f l ood ing "  

o f  t a r .  The maximum t a r  weight corresponds c l o s e l y  i n  t ime w i t h  the  com- 

p l e t e  l oss  o f  l a b i l e  br idges (see Figures 1 and 2). 

decrease i n  t a r  weight a r i s e s  from the  release o f  l i g h t  gases through con- 

t i nued  c rack lng  o f  the  s ide  chains as the ma te r ia l  proceeds along the  

heated tube reactor.  The r a t e  o f  gas release slows w i t h  t ime as the  more 

reac t i ve  b r idge  ma te r ia l  i s  consumed i n  accordance w i t h  the  d i s t r i b u t e d  

a c t i v a t i o n  energy submodel. 

f o r  bo th  coa ls  t h a t  a reasonably l a rge  s ide  cha in  popu la t ion  w i l l  p e r s i s t  

i n  bo th  the  t a r  and char throughout the  whole process, and as a r e s u l t  

l i g h t  gases are  released u n t i l  the  d e v o l a t i l i z a t i o n  i s  terminated a t  the 

end o f  the  reac tor  tube. The gas release dur ing  the l a t t e r  p a r t  o f  t h e  

process i s  no t  due t o  breaking o f  l a b i l e  bonds w i t h  the accompanying 

release o f  b r idge ma te r ia l ,  as the  l a b i l e  b r idge popu la t ion  i s  zero du r ing  

most o f  t h i s  l a t t e r  per iod  f o r  the  cases used i n  these simulat ions.  Thus, 

the t a r  c l u s t e r  s i ze  i s  no t  changing du r ing  t h i s  pe r iod  o f  the  reac t i on ,  

bu t  instead, the s ide  chains are c rack ing  t o  reduce the weight f r a c t i o n  o f  

bo th  the t a r  and the  char. 

From t h i s  p o i n t  on the  

It i s  worth no t i ng  t h a t  t h i s  model p r e d i c t s  

For reac t i on  cond i t ions  under 800°C, which ob ta in  i n  the  heated 

tube reac to r  experiments (Ser io,  et .  a1.2), the  model p r e d i c t s  t h a t  a s ig -  

n i f i c a n t  f r a c t i o n  o f  s ide chains p e r s i s t  throughout the  whole r e a c t i o n  and 
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s t i l l  e x i s t  even a t  t he  te rmina t ion  o f  the d e v o l a t i l i z a t i o n  process. 

I nspec t i on  o f  t h e  p l o t s  o f  dynamical va r iab les  i n d i c a t e  t h a t  i t  i s  the 6 

va r iab le  ( s ide  chains) which e x h i b i t s  the most i n t e r e s t i n g  excursions w i t h  

t ime r i s i n g  and f a l l i n g  i n  concent ra t ion  i n  the dynamical compet i t ion f o r  

b r i dge  ma te r ia l .  I t  i s  i n t e r e s t i n g  t o  note t h a t  even when a l l  o f  the 

l a b i l e  b r idges  have been consumed and the number o f  char b r idges  have 

reached t h e i r  f i n a l  popu la t ion ,  the  reac t i ve  s ide chain popu la t ion  i s  s t i l l  

bo th  appreciable and changing due t o  c rack ing  o f  the s ide chain mater ia l .  

The amount o f  s ide  cha in  ma te r ia l  produced i n  the  disappearance o f  the 

l a b i l e  bonds i s  governed i n  p a r t  by the  amount o f  t rans ferab le  hydrogen. 

Thus, the r a t e  constant o f  the  s ide chain bond breaking would inc lude 

e x p l i c i t l y  the concent ra t ion  o f  t rans fe rab le  hydrogen and a good t e s t  o f  

the  model would be i t s  a b i l i t y  t o  s imulated h y d r o l i q u i f a c t i o n  da ta  obtained 

f o r  var ious  p a r t i a l  pressures o f  hydrogen. 

The W e l l  known gas release occur r ing  a t  e a r l y  t i m e s  i s  provided by low 

a c t i v a t i o n  energies due t o  the  d i s t r i b u t e d  a c t i v a t i o n  features incorpora ted  

i n  the  model. The model a l so  i nd i ca tes  a " t a r "  mass f r a c t i o n  o f  a f e w  per -  

cent present a t  t i m e  zero  i n  the  unheated coa ls  suggesting the presence o f  

ex t rac tab les  i n  coals a t  ambient temperatures. 

Future work w i l l  focus on model ref inements t o  inc lude a t ranspor t  

model. The molecular weight d i s t r i b u t i o n  o f  the t a r  i s  provided by 

the  model and we w i l l  compare experimental molecular weight d i s t r i b u -  

t i o n  data o f  Suuberg5 w i t h  the  theo re t i ca l  p r e d i c t i o n s  o f  the  CPD model. 
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. .  . I r- for Coal Devolatlllzatlon 

Parameter Y a k  

Fitting Parameters Literature Derived Values 

55.4 Kcal/mole 

4 x sec-l 

2 Kcflmole 

69 KcaVmole 
(69,66,7 1 KcaVmo1e)a 

3 x  sec-l 
(3.5, 2.9, 2.6 x lo1' sec-'), 

7 Kcflmole 

0.89 sec-' 

a. Weighted average values for the Illinois #6 bituminous, Rosebud subbituminous, and Zap lignite coals, respectively. 

b. As Ep and Ap can not be determined for the relatively small devolatilization temperature range affecting these data only a 
single effective rate parameter for p may be used in this fitting. 
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Table 11 

Coal SDecific Parameters 

Parameter Zap Lignite Rosebud Sub-Bit Ill #6 High Vol. Bit. 

Adiustable Fitting Parameter 

(T+ 1 8.8 (>4.4)a 8.8 (>4.l)a 

Parameters Set from NMR and Ultimate Gas Yield Data 

(T+ 1 

Po (=f.o)b 0.44 0.45 

fgas(m) 0.55 0.46 

Calculated Parameters from Fitted and Set Parameters 

110 0.13 0.13 

(0 + l) .Pod 3.9 4.0 

r = mdma e 0.28 0.19 

4.3 (4.3)a 

0.73 

0.41 

0.30 

3.1 

0.32 

a. NMR estimates for u given in parentheses. 

b. The simulation value for f,,, which becomes p, under the assumption of c, = zero, are estimated reasonably reliably from 
NMR data on the number of methyls and of side chains attached to an aromatic cluster. 

c. Solomon's ultimate light gas yields may be obtained by summing the yi from i = 1 to 17. 

d. This quantity measures the number of intact bridges per cluster and is calculated from h e  above values of p, and u. 

e. Calculated from IS and fgs(-). 

f. The NMR estimates for r given in parentheses. 
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ABSTRACT 

The kinetics of vacuum dehydration and rehydration in nitrogen 
near room temperature have been studied with Argonne Premium Coal 
Samples. A block, -20 mesh and -100 mesh material were used. 
Three types of kinetic behavior were observed in dehydration and 
rehydration. These included a first order mass change, a com- 
bination of some or all of an initial linear, parabolic and final 
linear (LPL) segments, and a behavior which can be plotted to ap- 
pear similar to an adsorption isotherm. The mechanisms involved 
in the linear-parabolic-linear sequence are tentatively assumed 
to be loss from macro pores, bulk diffusion, and loss of "bonded 
W-CCL respectiveiy. The rates are higher for dehydration in 
vacuum than for rehydration in nitrogen. The rates increase as 
the external surface increases from the block through the -20 
mesh to the -100 mesh material. 

_ _ _ L  - __I. 

INTRODUCTION 

Studies of oxidation of coal at ambient conditions by measure- 
ments of weight change are complicated by the mass changes due to 
loss of moisture. As an initial step in determining the rate of 
oxidation, the kinetics of moisture loss at room temperature were 
measured. 

Drying is also one of the oldest chemical engineering unit opera- 
tions. The process involves a complex interaction of heat and 
mass transfer (1). If the heat transfer effects are held con- 
stant in a series of experiments, then an understanding of the 
mass transfer effects may be gained. In the experiments to be 
described the experimental arrangement was maintained in order to 
focus on the mass transfer involved in the dehydration and 
rehydration. 

Moisture is believed to reside in pores in the coal structure. 
These pores occur with a range of diameters. The diffusion from 
these pores would be expected to affect the drying behavior. 
Gan, Nand1 and Walker (2) have studied coal samples with a range 
of ranks and observed variation in pore sizes and volumes. The 
rate of diffusion in and out of these pores could provide a more 
complete understanding of the pore and internal structure of 
coal, and later lead to better understanding of the kinetics of 
heterogeneous reactions for coal conversion. 
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APPARATUS, MATERIAL AND PROCEDURE 

The kinetic studies were made by placing the samples into a 
quartz pan, and suspending the pan inside of a quartz envelope 
under an Ainsworth thermobalance. The thermobalance provided 
electrical signals to a Bristol recorder which provided a con- 
tinuous record of weight as a function of time (1" = 1 mg) . The 
temperature was kept constant with a water bath which surrounded 
the sample. A weight switching mechanism provided a dynamic 
range of 400 mg weight change. Sample weights were in the range 
of 0.1 to 1 gram. 

The coal samples were Illinois #6 material taken from the Argonne 
Premium Coal Sample Program -100 and -20 mesh material. The 
one-gram block was picked from a supply of material kept in chunk 
form, and collected at the same time and place that the Premium 
Sample was collected. This sample is a high volatile bituminous 
C rank coal with the following partial analysis: 

moisture: 7.97 % 
ash: 15.48 % (dry) 
volatile matter: 40.05 % (dry) 
carbon : 77.67 % (maf) 
hydrogen: 5.00 % (maf) 

In a typical run the sample was quickly weighed, transferred to 
the thermobalance, and the quartz envelope placed around the 
sample. The recorder was started, and balance released to get an 
initial weight reading. The vacuum pump was used to reduce the 
pressure to about 200 microns inside of the envelope. A buoyancy 
effect was observed and correction was later made for it. The 
weight loss was recorded, and later reduced to a table of weight 
and time for computer analysis using Lotus 1-2-3 or a non-linear 
least squares program to provide for plots, and least squares 
fits for these plots. After a period of time the weight loss for 
the sample was extremely slow, and the dehydration was halted. 
Rehydration was done by stopping the vacuum pump, backfilling the 
envelope with dry nitrogen, removing the quartz envelope, and 
dropping an ice cube into it. After replacing the envelope, the 
apparatus was evacuated, and backfilled with nitrogen to avoid 
contact with oxygen. The ice cube was melted, and a water bath 
placed around the sample for the rehydration experiment. These 
experiments were also allowed to continue for up to several days. 
For experiments involving several cycles of dehydration and 
rehydration, the process was started again by removing the quartz 
envelope, pouring out the water, drying with acetone, blowing 
with dry nitrogen, and replacing the envelope as quickly as pos- 
sible. 

RESULTS 

The shape of the curve of mass loss or gain with time indicated a 
relatively rapid initial change which progressively became 
slower. Figures 1 and 2 indicate the weight change for the 
block on several cycles of dehydration and rehydration. The 
results of curve fitting efforts are also shown in the figures. 
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Similarly the changes and curve fitting for the -20 mesh material 
are indicated in Figures 3 and 4, while the results for the -100 
mesh material are indicated in Figures 5 and 6. 

D I S C U S S I O N  

Three types of curves were observed when the mass was plotted as 
a function of time. Each of these involved a rapid initial loss 
which gradually slowed. While the overall shape of the curves 
was similar, the data from these experiments fit different equa- 
tions, indicating differences in the rate determining steps. 

The equilibrium Langmuir adsorption isotherm has a characteristic 
shape. The fraction of the available surface is plotted against 
a concentration variable such as partial pressure. This type of 
curve was also seen in these kinetic studies when the fraction of 
the moisture adsorbed was plotted against time. The amount of 
moisture adsorbed is proportional to the available sites. The 
effect of time may be seen if the time to adsorb one half of the 
total moisture is used as a unit. The shape of the adsorption 
isotherm would indicate that if the concentration of the adsorbed 
gas was doubled, then the amount adsorbed would increase from 1/2 
to 2/3. If it were tripled then the amount adsorbed would be in- 
creased to 3/4 etc. In a similar way if the time for half sorp- 
tion were doubled then the amount of sorbed gas would be in- 
creased to 2/3. The effect of doubling the time is similar to 
the effect of doubling the concentration. The label "adsorption" 
has been applied in the data analysis of data which fit this type 
of curve. 

For a unimolecular reaction of a gaseous reactant on the surface 
of a solid, the rate is proportional to the fraction of the sur- 
face covered by the gas. At the beginning of the adsorption the 
water molecules are adsorbed on the bare surface and the rate is 
a maximum, governed by the vapor pressure of the water and the 
external surface accessible to the gas. However the equation ap- 
plies over a time long enough to adsorb or desorb most of the 
water which implies a rapid transfer of moisture from the exter- 
nal surface to the interior. The rate is reduced and can be 
characterized by a time to reach a reduction by one half. The 
label "first order" has been applied to data which fit this type 
of curve. 

The analysis of the data also indicated a behavior in which the 
mass change was resolved into three distinct regimes of weight 
loss. The initial one involved a linear weight loss with time. 
The second regime involved a parabolic weight loss with time, and 
the third regime was another linear loss with time, but with a 
much smaller slope than the first linear one. This was seen in 
the second dehydration of the -20 mesh material. The label 
vvlinear-parabol ic- l inear l t  or IILPL" has been applied to data which 
fit this type of curve. In some cases, such as rehydration of 
the block, the initial and final linear segments were very short 
or absent. 

The 1.0 aram block was obtained from a 5-gallon storage container 
kept under nitrogen. The conditions of collection and storage 
permitted some drying of the sample during the oxygen removal, 
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and transfer between containers. The initial dehydration was 
followed by a dehydration, and the cycle was repeated. The 
sample was then left under nitrogen in contact with saturated 
water vapor for three weeks. The subsequent (third) dehydration 
indicated that the sample had acquired a substantially larger 
amount of water than it possessed during either of the earlier 
experiments. A second cycle followed the dehydration. The ar- 
rows on Figure 1 indicate the relationship between the pairs of 
dehydration cycles. 

The data analysis for the four cycles gave these results: 
Cycle Dehydration Rehydration 
First: Adsorption Parabolic 
Second: Adsorption Parabolic 
Third: Adsorption Parabolic 
Fourth: Adsorption Not Done 

The data analysis for the dehydration indicated that the fit was 
better for the adsorption type curve than either of the first or- 
der or a combination of the LPL curves. The initial portion of 
the adsorption curve frequently is linear on the chart paper, and 
is believed to involve transfer of moisture from the external 
surface or pores. The weight change required for a monolayer of 
moisture as typically determined by nitrogen adsorption is about 
one half milligram per gram of coal. The actual loss is larger 
than this by an order of magnitude, indicating that the surface 
moisture is replenished by large open pores. The further loss of 
moisture is assumed to involve a "bulk diffusion'v mechanism. For 
a solid with a consistent set of pores or defects for diffusion a 
parabola is observed in a plot of weight change with time. The 
lack of a fit to a parabolic curve and more rapid decrease in 
rate than predicted from a parabolic fit is believed to be due to 
either to diffusion from progressively smaller pores with smaller 
diffusion constants or to blockage of pores. The data also indi- 
cate that the rate is dependent upon the amount of water which is 
available in the particle. This was especially noticeable after 
the extended rehydration between the second and third dehydra- 
tion. The pores were not irreversibly collapsed but were able to 
accumulate a larger moisture content than was present at the 
beginning of the experiment. This amount exceeded the ASTM mois- 
ture determination. 

The analysis for rehydration indicated a better fit for the 
parabolic equation. The rate for rehydration is significantly 
less than for dehydration. The minimal amount of linear con- 
tribution to the initial mass change indicates that the external 
surface was quickly covered and subsequent reaction was limited 
by diffusion through a growing interface layer. This layer may 
have been a set of blocked pores. The external surface is a min- 
imum for a sample which is a single particle. 

The -20  mesh sam-ole was 0.100 grams of a supply kept in a plastic 
bottle filled from incompletely sealed ampoules. The material 
had been exposed to the drier atmosphere in the laboratory. The 
initial dehydration did not remove much moisture since much of it 
had already been lost. The rehydration restored a considerable 
amount of the moisture content, and led to a higher rate and a 
modified curve shape (LPL) for the second and third dehydrations. 
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The rehydration rates showed a very similar set of curve shapes, 
and a gradually diminishing rate due to progressive internal 
changes. Although the curve shapes for the rehydration were 
similar, the agreement with the adsorption type curve was 
clearly better than first order for the first two curves, and 
somewhat better for first order for the third curve. 

The data analysis gave the following results: 
Cycle Dehydration Rehydration 
First: First order Adsorption 
Second : Linear-Parabolic-Linear Adsorption 
Third: Linear-Parabolic-Linear First order 

The three regimes in the second and third dehydration indicate 
that three mechanisms of water loss were occurring during the 
dehydration. The initial linear loss is believed to be due to 
the loss  of surface water from the external surfaces and macro 
pores. The parabolic weight loss is believed to be due to bulk 
diffusion from the coal of Itdissolvedtq water. This water is 
believed to be caught in very small cavities or imperfections in 
the packing structure of the coal. These cavities can provide a 
temporary site for molecules as they diffuse from the bulk to 
some surface accessible to the external pores. The dynamic mo- 
tion of the coal ~~molecules~l may permit the opportunity for the 
water molecules to migrate from one site to another on the way to 
the external surface. The third regime, involving the second 
linear portion is believed to be due to the release of water from 
sites involving "bonded water". The low temperature provides 
relatively little thermal energy to permit release of the water: 
&.' 

Assuming that the pores are filled with water, one can obtain a 
measure of the macro pore volume by calculating the moisture loss 
per gram of coal, and using the density of water. Similarly, one 
can obtain a measure of the tldissolvedll water" by noting the 
weight of the water lost during the parabolic part of the total 
weight loss curve, and calculating the loss per gram of coal. 
Again, in a similar way, one could make the calculation for the 
"bonded waterst. This portion would represent the water tied to 
functional groups, or hydrogen bonded. 

The first type of water should be "freezablell while the latter 
two should not have the properties to permit observation of 
freezing behavior. Freezing is a bulk property, and would re- 
quire a number of molecules to demonstrate the existence of a 
solid crystalline material. Individual molecules, separated from 
other similar molecules would not be able to demonstrate this be- 
havior. 

The -100 mesh material was a 0.239 gram sample which had been 
equilibrated with water for at least 5 days at room temperature. 
The two dehydration runs fit the adsorption type curve. The two 
rehydration runs initially followed this type of curve, but later 
exhibited a more rapid rate and departure from the curve. This 
behavior is indicative of multilayer formation in the type IV ad- 
sorption isotherm, and may indicate a similar phenomenon here. 
The rates for the second dehydration or rehydration are lower 
than those for the first run in the cycles. The incremental 

yc enough to permit a measurement. 
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change in weight with time toward the end of the run is greater 
for the second run indicating a tendency to continue and possibly 
achieve a similar weight gain or loss over a very extended time. 
For these samples the initial dehydration proceeded with a 
higher rate than the second. The sample did not take up as much 
water during the rehydration as it lost during the initial 
dehydration. 

The data analysis gave the following results: 
Cycle Dehydration Rehydration 
First: Adsorption Adsorption + multilayer? 
Second: Adsorption Adsorption + multilayer? 

CONCLUSIONS 

The rates of dehydration and rehydration near room temperature 
are complex. The specific form of the equation describing the 
rates varies depending on the particle size and history of the 
sample. Several rate equations can be used to provide a "best 
fittf to all of the data. Blocks of vacuum dried coal will con- 
tinue to absorb significant amounts of water over a period of 
weeks at room temperature. The pores in the block were not irre- 
versibly collapsed in a manner that prevented restoration of the 
moisture content. 

The rate of dehydration in vacuum for a given sample is faster 
than the rate of rehydration in nitrogen. The presence of 
nitrogen apparently interferes with the rehydration. 

The vacuum dehydration of the block of coal followed a first or- 
der curve. This is consistent with loss of moisture from the 
equivalent of a surface with all of the moisture initially upon 
it. The rehydration of the block follows a parabolic curve, 
which is consistent with a diffusion controlled process . This 
would be observed if the moisture diffused into the block through 
a layer which consisted of swollen pores, and the pores continued 
to swell as the moisture continued to diffuse. The behavior of 
the block is believed to represent the behavior of an independent 
particle. The -20 mesh vacuum dehydration followed a first order 
curve for most of the vacuum dehydration and one rehydration in 
nitrogen. The initial two rehydrations followed the adsorption 
type curve. This behavior is consistent with the limitation on 
moisture loss due to a transfer from a surface with all of the 
moisture initially on it, or surface sites equally accessible 
during rehydration. The appearance of the LPL sequence indicates 
that the rehydration put enough moisture back into the sample to 
allow Some differentiation of the several mechanisms that were 
operative. Rehydration initially indicates adsorption to 
saturate the surface,and may be augmented by particle-particle 
interaction. The behavior of this sample is believed to reflect 
the behavior of a sample consisting of many small particles, and 
which has been exposed to some drying and atmospheric oxidation. 
The -100 mesh samples had been equilibrated with moisture, and 
showed an adsorption type of curve on both dehydration and 
rehydration. The initial steep part of the curve is attributed to 
the saturation of the surface with moisture. The moisture may be 
going to junctions between particles. The rehydration curves 
show evidence for multilayer adsorption as part of their shape. 
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The behavior of this sample is believed to reflect the behavior 
of a sample which consists of small particles, has been protected 
from oxidation and has been given an opportunity to adsorb mois- 
ture to achieve near equilibrium at the experimental temperature. 

The use of several equations to give a fit to the data prevents a 
direct comparison of rates. However, one can rank the rates for 
the different particle sizes by establishing the time required to 
lose or gain half of the moisture over a reasonably long period 
of the experiments to be compared. If it is assumed that the -20 
or -100 mesh particles would behave in the same manner whether 
0.1 or 1 gram were used, then the rates are dependent on particle 
size, and increase from the block through -20 mesh to -100 mesh. 
This behavior indicates that the external surface area is impor- 
tant in the overall rates for both dehydration and rehydration. 

FUTURE WORK 

It is intended to extend this work to the full set of the Argonne 
Premium Coals over a range of temperature to establish the 
similarity in behavior, effects of rank, and observe any special 
behavior that may be found for the low rank coals due to gel 
structure that may be present in them. In addition it is in- 
tended to observe the weight changes following vacuum drying upon 
introduction of other gases including those which are normally 
used to establish the surface area. 
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FIGURE CAPTIONS 

These are as indicated. Weight change in milligrams is plotted 
on the vertical axis, and time in minutes on the horizontal axis. 
Symbols indicate observed points. Lines indicate calculated 
values for the curves indicated in the text. The numbers ad- 
jacent to the curves indicate the cycle. 
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INTRODUCTION 

The h e t e r o g e n e i t y  o f  c o a l ,  t o g e t h e r  w i t h  i t s  complex macromolecular na ture ,  
has  been r e s p o n s i b l e  f o r  much o f  t h e  d i f f i c u l t i e s  i n  e l u c i d a t i n g  i t s  s t r u c t u r e  
and chemical c h a r a c t e r i z a t i o n .  Most methods o f  i n v e s t i g a t i o n  o f  t h e  chemical  
s t r u c t u r e  and p h y s i c a l  p r o p e r t i e s  i n v o l v e  b r e a k i n g  macromolecules i n t o  s m a l l e r  
f ragments by d e p o l y m e r i z a t i o n ,  o x i d a t i o n ,  r e d u c t i o n ,  dehydrogenat ion ,  a c e t  l a t i o n ,  
e t c . ,  which,  f o r  t h e  most p a r t ,  s o l u b i l i z e s  a m a j o r  f r a c t i o n  o f  t h e  coa l  w i i l e  
t r y i n g  t o  p r e s e r v e  a s  much o f  i t s  o r i g i n a l  s t r u c t u r e  as p o s s i b l e .  Depending upon 
t h e  rank o f  c o a l  and t h e  s o l v e n t  used, more t h a n  80% o f  some c o a l s  have been 
s o l u b i l i z e d .  

E f f o r t s  have been made t o  s tudy  t h e  macromolecular s t r u c t u r e  o f  c o a l  as a 
complete e n t i t y  w i t h  s p e c i a l  emphasis on c r o s s - l i n k a g e s .  Techniques a r e  l i m i t e d  
b u t  s w e l l i n g  and D i f f e r e n t i a l  Mechanical Thermal A n a l y s i s  (DMTA) have proved t o  
be power fu l  t o o l s  i n  t h i s  i m p o r t a n t  area. A l though ana lyses  o f  chemica l  f ragments 
and macromolecular s t u d i e s  can g i v e  complementary i n f o r m a t i o n ,  n e i t h e r  approach 
a l o n e  c a n  l e a d  t o  f i n a l  conc lus ions .  No a t t e m p t  i s  r e p o r t e d  i n  t h e  l i t e r a t u r e  t o  
s i m u l t a n e o u s l y  u n d e r t a k e  b o t h  s o l u b i l i z a t i o n  and macromolecular ana lyses .  T h i s  
paper r e p o r t s  t h e  r e s u l t s  of  such an a t tempt .  A i r  o x i d a t i o n  was chosen t o  modify 
t h e  coal  s t r u c t u r e  f o r  s e v e r a l  reasons. 

E l l i o t t  (1) rev iews t h e  c o n t r i b u t i o n s  made t o  t h e  u n d e r s t a n d i n g  o f  coa l  
c h e m i s t r y  by r e s e a r c h e r s  u s i n g  d e s t r u c t i v e  o x i d a t i o n  t o  reduce t h e  macromolecular 
s t r u c t u r e  o f  c o a l  t o  e n t i t i e s  t h a t  can be e x p l o r e d  w i t h  a v a i l a b l e  i n s t r u m e n t a t i o n  
and known a n a l y t i c a l  procedures.  Since a i r  causes t h e  n a t u r a l  o x i d a t i o n  of  coa l  
and because t h e r e  i s  l i t t l e  chance t h a t  any atoms o t h e r  t h a n  oxygen can be i n t r o d u c e d  
i n t o  t h e  c o a l  m o l e c u l e  when i t  i s  used as t h e  o x i d a n t ,  o n l y  a i r  was used f o r  t h e  
o x i d a t i o n s  i n  t h i s  s tudy .  The exper iments  were c a r r i e d  o u t  a t  2OO'C because no 
weight l o s s  was o b s e r v a b l e  upon h e a t i n g  i n  n i t r o g e n  a t  o r  below t h a t  tempera ture .  

There have been many s t u d i e s  undertaken t o  d e t e r m i n e  the  e x t e n t  o f  c r o s s -  
l i n k i n g  i n  t h e  c o a l  s t r u c t u r e  (2,  3 ) .  Most i n v e s t i g a t o r s  b e l i e v e  t h a t  t h e  more 
h i g h l y  c r o s s - l i n k e d  the  c o a l  s t r u c t u r e  i s ,  t h e  l e s s  i t  w i l l  s w e l l  when contac ted  
w i t h  an o r g a n i c  s o l v e n t .  L i o t t a  (4), u s i n g  t e t r a h y d r o f u r a n  on weathered c o a l ,  
showed t h a t  s w e l l i n g  decreased as  t h e  t i m e  o f  weather ing  inc reased.  However, i f  
t h e  n a t u r e  o f  t h e  c r o s s - l i n k s  a r e  such t h a t  hydrogen bonds a r e  r e s p o n s i b l e  f o r  
much o f  t h e  c r o s s - l i n k i n g ,  t h e n  work by H a l l ,  e t  a l . ,  ( 2 )  suggests t h a t  a t t a c k  by 
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a b a s i c  s o l v e n t  may r e s u l t  i n  an i n c r e a s e  i n  s w e l l i n g .  

must be remembered t h a t  d i f f e r e n t  c o a l s  r e a c t  d i f f e r e n t l y  t o  reagents .  The 
r e s u l t s  t h a t  a r e  r e p o r t e d  i n  t h i s  paper may be  a p p l i c a b l e  t o  o t h e r  c o a l s  O f  
s i m i l a r  rank  and even c o a l s  o f  d i f f e r e n t  ranks ,  b u t  no such assumption i s  made i n  
t h i s  s tudy .  

I t  i s  t h e  purpose o f  t h i s  paper t o  n o t  o n l y  p r o v i d e  r e s e a r c h e r s  w i t h  a d d i t i o n a l  
i n s i g h t  i n t o  t h e  macromolecular s t r u c t u r e  o f  c o a l  and i t s  chemical  c h a r a c t e r i z a t i o n ,  
b u t  a l s o  t o  demonst ra te  t h a t  a concer ted  e f f o r t  u s i n g  a v a r i e t y  o f  t e c h n i q u e s  on  
coa l  and i t s  o x i d a t i o n  produc ts ,  can make an i m p o r t a n t  c o n t r i b u t i o n  t o  c o a l  sc ience.  

EXPERIMENTAL 

Coal C h a r a c t e r i s t i c s  

The problem o f  unders tand ing  t h e  s t r u c t u r e  o f  c o a l  i s  a complex one. I t  

- 
The c o a l  sample used i n  t h i s  i n v e s t i g a t i o n  was a Cortonwood coa l  f r o m  t h e  

S i l k s t o n e  seam f u r n i s h e d  by B r i t i s h  Coal (NCB Coal Rank Code 501, I S 0  C l a s s i f i c a t i o n  
634) ground t o  um s i z e .  I m p o r t a n t  c h a r a c t e r i s t i c s  o f  t h e  c o a l  a r e  summarized i n  
Table 1. 

Coal O x i d a t i o n  

i n  a f o r c e d  c i r c u l a t i o n  oven. 

Humic Ac id  P r e p a r a t i o n s  

and p r e c i p i t a t e d  w i t h  0 .1  M HC1. 
f i l t r a t i o n  t o  speed t h e  r e c o v e r y  o f  t h e  humic a c i d s .  Cons iderab le  washing w i t h  
d i s t i l l e d  water  removes any NaCl o r  HC1 absorbed on t h e  humic ac ids .  The humic 
a c i d s  were d r i e d  a t  105'C. 

- 
The c o a l  was o x i d i z e d  i n  a i r  f o r  one, two, f o u r  and s i x  day p e r i o d s  a t  2OO'C 

-- 
W a t e r - i n s o l u b l e  samples o f  t h e  o x i d i z e d  coa l  were e x t r a c t e d  w i t h  0.1 M NaOH 

C e n t r i f u g a t i o n  a t  3500 rpm was used a l o n g  w i t h  

I n f r a r e d  Spect ra  o f  Coals 

A l l  s p e c t r a  were recorded on a N i c o l e t  205 SXB FTIR spec t rometer  u s i n g  K B r  
p e l l e t s .  A l l  samples s u b m i t t e d  were d r i e d  a t  105'C. 

Vo lumet r ic  S w e l l i n g  Technique 

L i o t t a ,  e t  a l . ,  ( 4 )  f o r  measur ing s w e l l i n g  was used. 
samples were c e n t r i f u g e d  a t  3500 rpm i n  6 mm tubes t o  ensure t i g h t  pack ing .  
h e i g h t  o f  t h e  coa l  column was measured t o  t O . O 1  nun u s i n g  a ca the tometer .  
s o l v e n t  was added. The ground g l a s s  stoppered tubes were shaken every  12 hours  
u n t i l  e q u i l i b r i u m  was reached. Constant h e i g h t  r e a d i n g s  o f  t h e  Coal column 
i n d i c a t e d  e q u i l i b r i u m .  A f t e r  e q u i l i b r i u m ,  t h e  tubes were aga in  c e n t r i f u g e d  and 
t h e  h e i g h t  o f  t h e  c o a l  column measured. The s w e l l i n g  r a t i o ,  0, i s  equa l  t o  t h e  
h e i g h t  of t h e  swo l len  c o a l  d i v i d e d  by t h e  h e i g h t  o f  t h e  unswol len  c o a l .  
c i b i l i t y  was found t o  be t 0 . 0 5  which i s  i n  agreement w i t h  t h a t  o f  Green ( 5 )  and 
H a l l  ( 2 ) .  
changes on  o x i d a t i o n ,  s w e l l i n g  was c a r r i e d  o u t  i n  a s e t  o f  s t e r i c a l l y  S i m i l a r  
s u b s t i t u t e d  p y r i d i n e s  o f  d i f f e r i n g  b a s i c i t y .  H a l l ,  e t  a l . ,  ( 2 )  have shown t h a t  
t h e  weaker bases s w e l l  c o a l s  by d i s s o c i a t i n g  weak hydrogen bonds from t h e  macro- 
mo lecu la r  ne twork  w h i l e  t h e  s t r o n g e r  bases s w e l l  c o a l s  by d i s s o c i a t i n g  s t r o n g e r  

The techn ique p e r f e c t e d  by Green, e t  a l . ,  ( 5 )  o f  t h e  procedure developed by 
I n  t h i s  techn ique,  urn c o a l  

The 
Excess 

Reprodu- 

To examine t h e  s t r u c t u r e  o f  t h e  c o a l  hydrogen bonding and how i t  
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bonds f r o m  t h e  s t r u c t u r e .  A p l o t  o f  c o a l  s w e l l i n g  (9)  a g a i n s t  t h e  pKb of t h e  
s o l v e n t s  g i v e s  an i n d i c a t i o n  o f  t h e  hydrogen bond energy d i s t r i b u t i o n  o f  t h e  c o a l .  

Thermal G r a v i m e t r i c  Analyses 

A S tan ton  R e d c r o f t  STA-780 Ser ies  Thermal Ana lyser  was used f o r  thermal 
g r a v i m e t r i c  ana lyses .  
a p p r o x i m a t e l y  6'C t o  20°C min-1  i n  n i t r o g e n  a t  tempera tures  f rom room tempera ture  
t o  100O'C. 

Sample masses o f  12-26 mg was used, w i t h  h e a t i n g  r a t e s  of 

P e t r o g r a p h i c  Techniques 

Ref lec tance was measured a t  546 nm u s i n g  o i l  immersion o b j e c t i v e s  (n=1.518 
The photocathode was an EM1 S -  

The samples were mounted i n  epoxy r e s i n s  and were ground and p o l i s h e d  a c c o r d i n g  
a t  23'C) on a L e i t z  MPV3 Microscope Photometer. 
11. 
t o  the  procedures  p r e s c r i b e d  by Stach, e t  a l . ,  ( 6 ) .  T w e n t y - f i v e  measurements 
were r e c o r d e d  f o r  each sample i n  p o l a r i z e d  l i g h t .  

Resu l ts  and O i s c u s s i o n a l  
Humic Ac T F o r m a t i o n  - - ~  

A s e r i e s  o f  exper iments  were c a r r i e d  o u t  t o  d e t e r m i n e  t h e  r a t e  o f  o x i d a t i o n  
i n  terms o f  humic a c i d  f o r m a t i o n  as a f u n c t i o n  o f  t i m e  o f  o x i d a t i o n .  Table 2 and 
F i g u r e  i shows t h e  y i e l d s  o f  humic a c i d  f o r m a t i o n  versus  t i m e  o f  o x i d a t i o n  w h i l e  
F i g u r e  2 shows a p l o t  o f  t h e  r a t e  o f  humic a c i d  p r o d u c t i o n  versus  t i m e  o f  o x i d a t i o n .  
From F i g u r e  2: t h o  rnaximljm r a t e  o f  hnmic ac id  f o r m a t i o r :  shocl:! occur  ;t 2.3: 
days. O f  t h e  f o u r  p e r i o d s  o f  o x i d a t i o n  used i n  t h e s e  exper iments,  o x i d a t i o n  f o r  
two days showed t h e  maximum y i e l d .  

The n a t u r e  o f  t h e  humic a c i d s  o b t a i n e d  f rom each o f  t h e  samples o x i d i z e d  f o r  
v a r i o u s  l e n g t h s  o f  t i m e  showed no f u n c t i o n a l  g roup d i f f e r e n c e s - - a s  evidenced by 
i n f r a r e d  ana lyses .  
C-H and 0-H s t r e t c h i n g  f r e q u e n c i e s  a t  t h e  2500 cm-1 t o  3500 cm-1 r e g i o n ;  t h e  COO- 
a b s o r p t i o n  a t  1709 cm-1; a romat ic  a n d l o r  hydrogen bonded c a r b o n y l s  a t  1604 and 
1216 cm-1; and t h e  s h o u l d e r  a t  1376 cm-1 u s u a l l y  assigned t o  p h e n o l i c  0-H. 

. 
The s p e c t r a  were c h a r a c t e r i z e d  b y  t h e  v e r y  broad bands c o v e r i n g  

Upon p e t r o g r a p h i c  examinat ion ,  t h e  humic a c i d s  appeared t o  be i s o t r o p i c  with 
a random o r i e n t a t i o n  as ev idenced when i n s e r t e d  i n  c r o s s  p o l a r s  w i t h  a f u l l  wave 
l e n g t h  r e t a r d e r  p l a t e .  The c o l o u r s  were i n v a r i a n t  p u r p l e  d u r i n g  r o t a t i o n  of  t h e  
stage. 
l i g h t .  
s w e l l i n g  and s h r i n k i n g  were e v i d e n t .  
t o  t h e  sample b e i n g  p o l i s h e d  w i t h  r e l i e f .  
i n  the  0 .85  range. 
t i o n .  

The r e f l e c t i v i t y  d i d  n o t  change on s tage r o t a t i o n  u s i n g  p l a n e  p o l a r i z e d  
No p y r i t e  was v i s i b l e  i n  t h e  humic a c i d s .  

The s u r f a c e  was r a t h e r  s o f t ,  p r o b a b l y  due 
Large curved c r a c k s  f rom 

The r e f l e c t i v i t y  was lower  than t h e  c o a l ,  
No v i s i b l e  f luorescence was n o t i c e d  under u l t r a  v i o l e t  e x c i t a -  

To t h e  naked eye, t h e  humic a c i d s  appeared t o  be a b lack ,  c r y s t a l l i n e  s o l i d .  

Because o f  t h e  r e l a t i v e  n o n - v o l a t i l i t y  o f  t h e  c o a l  as w e l l  as t h e  humic 
ac ids ,  mass s p e c t r o m e t r y  d i d  n o t  p r o v i d e  u s e f u l  d a t a  i n  t h i s  i n v e s t i g a t i o n .  
Ins t rument  1 i m i t a t i o n s  prevented  ana lyses  beyond 300°C and thermal  g r a v i m e t r i c  
analyses demonst ra ted  t h a t  t h e r e  was l i t t l e  o r  no weight  l o s s  o f  t h e  coa l  below 
400'C. 

The o x i d i z e d  c o a l  r e s i d u e ,  r e s u l t i n g  a f t e r  t h e  humic a c i d s  were e x t r a c t e d ,  
e m i t t e d  a ye l low-brown f l u o r e s c e n c e  under u l t r a v i o l e t  and b l u e  wavelength e x c i t a t i o n  
d u r i n g  o b s e r v a t i o n s  made when u s i n g  f l u o r e s c e n c e  microscopy i n d i c a t i n g  the  presence 
o f  a l i p h a t i c  hydrocarbons .  A c o n s i d e r a b l e  amount o f  p y r i t e  was v i s i b l e  when 
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viewed under p o l a r i z e d  l i g h t  i n  v a r i o u s  s t a t e s  o f  p r e s e r v a t i o n ,  r a n g i n g  f rom 
p r i s t i n e  t o  a s e v e r e l y  o x i d i z e d  orange s t a t e .  
of t h e  sample t h a t  was o x i d i z e d  f o r  s i x  days was p y r i t e .  Byers ( 7 )  p r e s e n t s  an 
i n - d e p t h  d i s c u s s i o n  o f  t h e  problems caused by p y r i t e s  i n  c o a l  d u r i n g  f u r n a c e  
o p e r a t i o n .  
removing p y r i t e s  f rom many c o a l s ,  smal l  p a r t i c l e s  u s u a l l y  g e t  i n t o  t h e  fu rnace 
r e s u l t i n g  i n  h i g h  s u l p h u r  emissions, s l a g g i n g  and f u r n a c e  problems. 
a t  r e l a t i v e l y  l o w  tempera ture  f o l l o w e d  by an a l k a l i n e  wash may enhance p y r i t e  removal  
from c o a l .  

It appeared t h a t  25-30% o f  t h e  r e s i d u e  

Al though washing and f l o a t  and s i n k  methods have had some success i n  

A i r  o x i d a t i o n  

S w e l l i n g  as a R e s u l t  o f  O x i d a t i o n  

I n  t h e  exper iments  c a r r i e d  o u t  i n  t h i s  study, ev idence i s  p resented  t o  
i n d i c a t e  t h a t  b a s i c  o r g a n i c  s o l v e n t s  can e f f e c t  c r o s s - l i n k a g e s  caused b y  o x i d a t i o n  
because of t h e  f o r m a t i o n  and d e s t r u c t i o n  o f  hydrogen bonds. 

The e f f e c t  o f  o x i d a t i o n  on  t h e  hydrogen bond s t r u c t u r e  can be i n t e r p r e t e d  
from F i g u r e  3. There i s  an i n i t i a l  i n c r e a s e  i n  s w e l l i n g  f rom t h e  f r e s h  c o a l  t o  
t h e  one day o x i d i z e d  c o a l  suggest ing  an i n i t i a l  i n c r e a s e  i n  a l l  s t r e n g t h s  of  
hydrogen bonding. 
bases (pKbc8) b u t  i n c r e a s e s  s w e l l i n g  i n  t h e  s t r o n g e s t  base. T h i s  suggests  t h a t  
weak hydrogen bonds a r e  b e i n g  e l i m i n a t e d  f rom t h e  s t r u c t u r e  and hydrogen bonds 
a r e  be ing  formed t h a t  a r e  n o t  s u s c e p t i b l e  t o  a t t a c k  by p y r i d i n e .  F u r t h e r  o x i d a t i o n  
does n o t  change t h e  d e n s i t y  o f  weak hydrogen bonds t o  any g r e a t  e x t e n t  b u t  s w e l l i n g  
i n  t h e  two s t r o n g e s t  bases inc reases ,  which i m p l i e s  an i n c r e a s e  i n  t h e  d e n s i t y  of 
s t r o n g  hydrogen bonds i n  t h e  s t r u c t u r e .  

When t h i s  d a t a  i s  coup led  w i t h  t h e  i n c r e a s e  o f  humic a c i d  y i e l d  on  o x i d a t i o n  
t h e  i m p l i c a t i o n  i s  t h a t  i n i t i a l  o x i d a t i o n  ( u p  t o  two days) a t t a c k s  t h e  a lkane and 
c y c l o a l k a n e  groups, chang ing  these i n t o  hydrogen bond c r o s s l i n k s  which a r e  r e l a t i v e l y  
weak and c a n  be  broken by t h e  weaker bases. 
i s  a s s o c i a t e d  w i t h  s i g n i f i c a n t  p r o d u c t i o n  o f  humic a c i d s .  
c o n c e n t r a t i o n s  o f  c a r b o x y l i c  a c i d  groups and such groups  may l e a d  t o  s t r o n g  
hydrogen bond ing  i n  t h e  c o a l  m a t r i x .  

O x i d a t i o n  f rom one t o  two days reduces  swe l l i ’ ng  i n  t h e  weaker 

F u r t h e r  o x i d a t i o n  ( a f t e r  two days)  
Humic a c i d s  have l a r g e  

I n f r a r e d  s t u d i e s  appear t o  s u p p o r t  t h e  d a t a  o b t a i n e d  f rom s w e l l i n g  s t u d i e s .  
The o x i d a t i o n  o f  t h e  c o a l  t o  form humic a c i d s  appears t o  be  due i n  p a r t  t o  t h e  
o x i d a t i o n  of  a l i p h a t i c  groups. The i n t e n s i t y  o f  t h e  a l k y l  group band a t  2900 cm- 
1 i s  d i m i n i s h e d  c o n s i d e r a b l y  a f t e r  one day o f  o x i d a t i o n .  Under p e t r o g r a p h i c  
s tudy ,  i n c r e a s e s  i n  t h e  v i t r i n i t e  r e f l e c t a n c e  a long w i t h  inc reased r e f l e c t a n c e  of  
t h e  e x i n i t e  may be due t o  inc reased a r o m a t i c i t y  as t h e  coa l  i s  p r o g r e s s i v e l y  
o x i d i z e d  f o r  one and two days. 
r e f l e c t a n c e  i n d i c a t i n g  t h e  p o s s i b l e  a t t a c k  on aromat ic  s t r u c t u r e .  Tab le  3 shows 
t h e  r e f l e c t a n c e  d a t a  f o r  t h e  u n o x i d i z e d  and o x i d i z e d  c o a l s  and F i g u r e  4 shows t h e  
p l o t  of  t h e  da ta .  
o x i d a t i o n  a t t a c k s  b o t h  t h e  a lkane and c y c l o a l k a n e  s t r u c t u r e  o f  t h e  c o a l ,  some of  
which a c t  as c r o s s - l i n k a g e s  t o  a romat ic  c l u s t e r s .  
r e l a t i v e l y  h i g h  H / C  r a t i o  when compared t o  most medium v o l a t i l e  b i t u m i n o u s  c o a l s .  
The s t r o n g  hydrogen bonds appear t o  be  assoc ia ted  w i t h  t h e  h i g h  d e n s i t y  o f  c a r b o x y l i c  
a c i d s  t h a t  a re  p r e s e n t  i n  t h e  humic ac ids .  
and o x i d i z e d  c o a l s  show a s t r o n g  band formed a t  3418 cm-1 and another  s t r o n g  band 
a t  approx imate ly  1700 cm-1 ap e a r i n g  a f t e r  o x i d a t i o n  f o r  one day i n d i c a t i n g  humic 
a c i d  fo rmat ion .  The 3418 cm-f band i s  c h a r a c t e r i s t i c  o f  s t r o n g l y  hydrogen bonded 
OH groups ( 8 )  and t h e  1700 cm-1 peak i s  c h a r a c t e r i s t i c  o f  COO- f o r m a t i o n  (9, 10, 
11, 12) .  The i n t e n s i t y  o f  t h e  a l k y l  band a t  2900 cm-1 p r e s e n t  i n  t h e  s p e c t r a  o f  
t h e  o r i g i n a l  c o a l  i s  d i m i n i s h e d  c o n s i d e r a b l y  a f t e r  one day o f  o x i d a t i o n .  

A f t e r  two days, f u r t h e r  o x i d a t i o n  decreases  t h e  

F i g u r e  5 shows t h e  h is tograms.  Thus i t  appears t h a t  i n i t i a l  

The Cortonwood c o a l  has a 

The i n f r a r e d  s p e c t r a  o f  t h e  u n o x i d i z e d  

346 



Using thermal  g r a v i m e t r i c  analyses,  i t  can be demonstrated t h a t  t h e  weight  
l o s s  upon h e a t i n g  t h e  u n o x i d i z e d  Cortonwood coa l  i n  n i t r o g e n  f rom 105'C t o  2OO'C 
and m a i n t a i n i n g  t h e  sample a t  2OO'C f o r  f i v e  m inu tes  r e s u l t e d  i n  no weight  l o s s .  
It i s  i n t e r e s t i n g  t o  n o t e  t h a t  no a p p r e c i a b l e  w e i g h t  l o s s  occu r red  when p y r o l y s i n g  
t h e  coa l  under n i t r o g e n  u n t i l  over 400°C. Only about  32% o f  t h e  c o a l  i s  eve r  
v o l a t i l i z e d  a t  t empera tu res  up t o  950°C. 
thermal  g r a v i m e t r i c  ana lyses  o f  t h e  unox id i zed  c o a l .  
1.9% m o i s t u r e  upon h e a t i n g  f rom room temperature t o  105'C. 

SUMMARY 

F i g u r e  6 shows t h e  r e s u l t s  o f  t h e  
The sample l o s t  l e s s  then 

A i r  o x i d a t i o n  o f  a medium v o l a t i l e  b i t um inous  coa l  a t  2OO'C f o r  s i x  days 
y i e l d s  85% by w e i g h t  humic ac ids .  
a t  2.33 days and decreases i n  a Gausian d i s t r i b u t i o n .  
t e r i z e d  by t h e i r  i n f r a r e d  s p e c t r a  showing a s t rong  band a t  1709 cm-1 f o r  t h e  COO- 
group, t h e  s t r o n g  band a t  1604 and 1216 cm-1 i n d i c a t i v e  of  a romat i c  and/or hydrogen 
bonded ca rbony l ,  and a shou lde r  a t  1376 cm-1 u s u a l l y  ass igned t o  p h e n o l i c  OH. 
O x i d a t i o n  o f  c o a l  r e s u l t s  i n  t h e  f o r m a t i o n  and d e s t r u c t i o n  o f  hydrogen bonds. 
Hydrogen bonds fo rm as humic ac ids  a r e  produced f rom t h e  o x i d a t i o n  o f  a l k y l  and 
a l i c y c l i c  c r o s s - l i n k a g e s  i n  t h e  macromolecular s t r u c t u r e .  Weak hydrogen bonds, 
a l ready  e x i s t i n g  i n  t h e  c o a l  and formed d u r i n g  t h e  o x i d a t i o n  a r e  a t t a c k e d  by 
p y r i d i n e  and l e a d  t o  s w e l l i n g .  S u b s t i t u t e d  p y r i d i n e s  hav ing  pKb va lues  h i g h e r  
t h a n  p y r i d i n e  a r e  a b l e  t o  b reak  s t r o n g e r  hydrogen bonds i n  t h e  o x i d i z e d  c o a l s .  
Pe t rog raph ic  s t u d i e s  and thermal  g r a v i m e t r i c  analyses suppor t  t h e  i n f o r m a t i o n  
generated by t h e  d a t a  ga the red  f r o m  s w e l l i n g  exper iments and i n f r a r e d  a b s o r p t i o n  

The r a t e  o f  o x i d a t i o n  i nc reases  t o  a maximum 
The humic a c i d s  a r e  cha rac -  

1 n.e:t :gat; on. 
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Tab le  1 
C h a r a c t e r i  s t i c s o r t o n w o o d  Coal 

Proximate A n a l y s i s  ( a s  de termined)  
M o i s t u r e  
Ash 
V o l a t i l e  M a t t e r  
F ixed Carbon 

w t  .% mi- 
2.2 

34.7 
62.1 

U l t i m a t e  A n a l y s i s  ( d r y  m i n e r a l  m a t t e r  f r e e  b a s i s )  
Carbon 87.20 
Hydrogen 5.60 

N i t r o g e n  1.70 
Sulphur 0.70 

Oxygen ( d i f f . )  3.9 

T a b l e  2 
Y i e l d  o f  Humic Ac ids  

Time o f  O x i d a t i o n  (days) 
1 

Y i e l d  o f  Humic A c i d s  (%)  

2 1;:: 
4 78.7 
6 85.8 

T a b l e  3 
R e f l e c t a n c e  o f  Unox id ized and Ox id ized 

Cortonwood Coal 

Time o f  O x i d a t i o n  (days) Ref lec tance (% Rmeanr Standard o f  D e v i a t i o n  
0 0. Y1 u.o/ 

1 1.15 0.09 
2 1.27 0.07 
4 
6 

1.19 
1.10 

0.08 
0.08 

348 



E 
i= 
lJi > 
C 
0 

0 3 
U 

a 

.- - 
e 
0 
2 
5 
0 ._ 

I 
2? 

?? 
T 

E 
F 
ui 
C 
0 

0 3 
U 

.- - 
e a 
U ._ 
2 
5 

2 

0 ._ 

I 
0 
0) 

c 

c 

ni 
E 
3 
m 
LL 
.- 

m 

(0 

v) x 
m 

u 9  

E 
F 

N 

0 

349 



L 



9% Wt Loss 

N w A 

Oi--==- 

N 
0 0 

2, 2 z  
9 
0 
Z m  
no 
-0 

v 

m 
0 0 

0 
0 0 

P r o p o r t i o n  ( % I  Per  Ref lectance Racge of  0.1% 

9 
I - 

D 

% 

9 

w 

35 1 



BENEFICIATION OF A BITUMINOUS COAL AND A LIGNITE COAL 
BY AGGLOMERATION USING NOVEL BINDING OILS. 

R.C. Timpe, C.L. Knudson, P. Mack, 

P. 0. Box 8213, Un ive rs i t y  S ta t i on  
Grand Forks, ND 58202 

ABSTRACT 

I l l i n o i s  X6 and both as received and hot  water d r i e d  Zap (IndianHead) North Dakota 
l i g n i t e  were agglomerated w i t h  Mandan r e f i n e r y  decant o i l  conta in ing e i t h e r  p -  
xylene o r  deodorized r e c t i s o l  naphtha from the  Great P la ins G a s i f i c a t i o n  Plant .  
The effectiveness o f  each o f  t he  b ind ing o i l s  on agglomeration was determined from 
ash reduct ion and organic recovery as a funct ion o f  mixing speed, mix ing t ime, 
p a r t i c l e  s ize,  and o i l - t o -coa l  r a t i o .  Results ind icated tha t ,  although t h e  ash 
reduct ion was s i g n i f i c a n t  i n  the  Mandan decant / rect iso l  naphtha b inder  f o r  both 
coals, greater  reduct ion was achieved w i t h  the  Mandan decant/p-xylene. Higher 
mixing speeds, longer mixing times, smaller p a r t i c l e  s ize,  and b inde r  t o  coal 
r a t i o  of 0.35 gave the  greatest  ash reductions. Agglomeration t ime was shortened 
s u b s t a n t i a l l y  when e i t h e r  p-xylene o r  r e c t i s o l  naphtha was added t o  t h e  Mandan 
decant i n  place o f  using Mandan decant alone as binder. 

INTRODUCTION 

With t h e  recent e f f o r t  t o  educate the wor ld ' s  populat ion on t h e  wise use o f  t h e  
dwindl ing petroleum reserves and the  associated emphasis on coal u t i l i z a t i o n ,  t h e  
wor ld ' s  supply o f  high q u a l i t y ,  eas i l y  mined, low ash coal has a l so  begun t o  
dwindle. ( l )  Finding new, more e f f i c i e n t  methods o f  bene f i c ia t i on  o f  h ighe r  ash 
coals has become a p r i o r i t y  i n  coal research. Among t h e  most widely  used methods 
o f  f i n e  coal bene f i c ia t i on  a t  present i s  f r o t h  f l o t a t i o n .  Although the  technique 
works q u i t e  we l l  w i t h  h igher  rank coals and f i nes  w i t h  l a rge r  p a r t i c l e  s i zes  and 
low ash, i t  does have some drawbacks, among them comparatively low y i e l d  and h igh  
moisture content o f  product when f ines are e76 pin and have h igh ash content. I n  
addi t ion,  t he  lower rank, more r e a d i l y  mined coals and ox id ized coal surfaces a re  
not  amenable t o  bene f i c ia t i on  by f l o t a t i o n .  A romising complementary and 
poss ib ly  a l t e r n a t i v e  technique i s  o i l  agglomeration. (2f 

Agglomeration s tud ies o f  l i g n i t e  and subbituminous (low-rank) coals  have no t  met 
w i t h  a great  deal o f  success p r i m a r i l y  because the experiments have centered 
around t h e  successful techniques used t o  agglomerate bituminous coal .  Since 
agglomeration i s  a surface phenomenon, the b ind ing o i l  selected t o  form t h e  
aggregates o f  f i nes  must be compatible w i t h  the  surface func t i ona l  groups on t h e  
f ines.  Most o i l s  used f o r  t h i s  purpose are o l e o p h i l i c  and as a r e s u l t  a re  r e a d i l y  
adsorbed t o  the surface o f  the coal p a r t i c l e s  provided they have minimal p o l a r  
groups exposed. This i s  cha rac te r i s t i c  o f  t h e  bituminous coals bu t  n o t  o f  t h e  
lower rank coals. The subbituminous and l i g n i t e  coals conta in  l a r g e  amounts o f  
surface oxygen making t h e i r  surfaces more oleophobic than the  bituminous. Since 
the  theory o f  agglomeration assumes mineral mater ia l  i s  considerably more 
hyd roph i l i c  and oleophobic than t h e  organic coal matr ix ,  t h e  mineral ma te r ia l  w i l l  
d isso lve o r  form a suspension i n  an aqueous medium and t h e  organic mat ter  w i l l  
form aggregates and separate from t h a t  phase. Again, t h i s  i s  t r u e  f o r  t he  coals  
o f  h ighe r  rank bu t  not f o r  t he  lower rank coals  w i t h  t h e i r  more polar ,  h y d r o p h i l i c  
surfaces. The focus o f  t h i s  study was t o  i nves t i ga te  the  agglomeration o f  a we l l  
behaved bituminous coal and a l i g n i t e  coal when l i g h t  organic compounds and lower 
value streams from a petroleum r e f i n e r y  and coal g a s i f i c a t i o n  p lan t  a re  used as 
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binding o i l s .  The reduct ion i n  ash content i n  the  coal was s tud ied as a funct ion 
o f  p a r t i c l e  size, mix ing condi t ions,  and o i l  cha rac te r i s t i cs .  

I n  a successful agglomeration, t he  mineral content o f  the coal w i l l  be reduced 
s i g n i f i c a n t l y  as t h e  coal  forms aggregates o f  organic r i c h  ma te r ia l  and t h e  
minerals are suspended i n  t h e  aqueous phase. The degree t o  which a coal can be 
benef ic ia ted by agglomeration i s  l i m i t e d  by several factors .  The f i r s t  i s  the 
p a r t i c l e  s ize.  The f i n e r  the  p a r t i c l e  s i z e  the  more l i q u i d  s o l i d  surface contact 
and, consequently, t h e  b e t t e r  are t h e  chances o f  t h e  carbonaceous mater ia l  
l i b e r a t i n g  i t s  associated minerals thus lowering the  ash content ( 3 ) .  Although 
f i n e  g r ind  enhances inorganics removal, i t  creates problems i n  handling the 
cleaned product and provides more area f o r  undesireable surface react ions with 
oxygen. E f f e c t i v e  agglomeration fo l l ow ing  ash reduct ion helps t o  so lve these 
problems. 

The second f a c t o r  t o  be considered i s  t h e  composition o f  t he  o i l  used as a 
binder. L i g h t  agglomerating o i l s  (densi ty  < 0.90 g/cc) have been shown t o  g ive 
ash reductions i n  bituminous coals w i t h i n  10 t o  20 percent o f  those obtained w i t h  
the  Stoddard so lvent  (4). These o i l s ,  however, do not  wet the  surface o f  low rank 
coals  wel l ,  and are no t  usefu l  as b ind ing o i l s  f o r  these coals. I f  heavier o i l s  
such as coke oven t a r s ,  p i tches,  and petroleum crudes are used, low-rank coals  can 
be agglomerated, but  these o i l s  are more d i f f i c u l t  t o  recover f o r  reuse (4). 

pH i s  a t h i r d  considerat ion when ca r ry ing  out agglomeration. Removal o f  most 
mineral mater ia l  can be done w i t h  pH adjustment. However, w i t h  elements such as 
p y r i t i c  s u l f u r  which i s  best removed a t  a pH between 7-11 the  coal becomes more 
hyd roph i l i c  and agglomeration i s  less e f f e c t i v e ,  rey ir iag  w!t_ip!e p!! adjcstments 
t o  get  maximum ash removal and agglomerate s i z e  and t o  reduce agglomeration t ime 
(1). Table 1 shows t h e  ash content o f  t he  coal used i n  t h i s  study. 

TABLE 1. 
Agglomeration Test Coals 

Sample Mesh(70 wt %) 

I l l i n o i s  t 6  200 
I l l i n o i s  t6  325 
Ind ian Head (AR) 325 

Ash m f  (wt %) 

12.75 
24.85 
14.63 

The s i ze  o f  t he  agglomerates produced i s  a funct ion o f  such processing var iab les 
as mixing speed, mix ing t ime, mixer design, and solvent t o  coal r a t i o .  Physical 
impact forces r e s u l t  i n  reduced agglomerate s izes w i t h  increased mix ing speed and 
mix ing t ime and contact w i t h  surfaces of smaller surface areas such as blade 
edges.(5) To minimize these impacts a b lun t  s t i r  bar  prov id ing maximum contact 
area between agglomerates and bar i s  recommended. Thorough a g i t a t i o n  may increase 
the  y i e l d  bu t  not  necessar i ly  the s i ze  of t h e  agglomerates. Increasing the r a t i o  
o f  b ind ing o i l  t o  coal tends t o  increase agglomerate size, making b ind ing o i l  
recovery an economically important aspect o f  t h i s  method o f  b e n e f i c i a t i o n  (6). 
Recovery o f  40 t o  50% o f  t he  b ind ing o i l  by thermal treatment under reduced 
pressure maintains t h e  c a l o r i f i c  value o f  t he  product, decreases t h e  moisture 
content, increases mechanical s t a b i l i t y ,  and r e s u l t s  i n  reduct ion o f  s e l f i g n i t i o n  
hazards. 

EXPERIMENTAL 

Agglomeration t e s t s  were ca r r i ed  out  on as-received I l l i n o i s  16 bituminous coal 
and an as-received and a hot  water d r i e d  North Dakota l i g n i t e  from t h e  Ind ian Head 
mine. The coals  were ground t o  70 w t %  200 mesh (75 u m) and 325 mesh (45 ,, in). 
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The percent ash values on a moisture f r e e  basis are shown i n  Table 1. 

Screening t e s t s  were ca r r i ed  on n ine  d i f f e r e n t  l i q u i d s  t o  determine t h e  most 
su i tab le  b ind ing o i l  f o r  agglomerating the  t e s t  coals. The o i l s  t es ted  inc luded 
Lummus Arabian and Lloydminster petroleum resids, North Slope ATB, Mandan Decant 
o i l ,  Mayan crude, r e c t i s o l  naphtha, JP4 av ia t i on  fue l ,  1 octanol, and p-xylene. 
The Mandan crude exh ib i t ed  b e t t e r  agglomerating r e s u l t s  than the o the r  o i l s  f o r  
both the  bituminous and the l i g n i t e  coals. The b ind ing o i l s  se lected f o r  t h i s  
study were Mandan Decant o i l  (MOO) from the  Amoco r e f i n e r y  a t  Mandan,North Dakota, 
and mixtures o f  MOO w i t h  p-xylene (MOO/XY) o r  r e c t i s o l  naphtha (MDO/RN) from t h e  
Great P la ins Gas i f i ca t i on  Plant a t  Beulah, North Dakota. The so lvent  mix tures 
were 50 w t  % Mandan Decant o i l  i n  e i t h e r  p-xylene o r  r e c t i s o l  naphtha. 

The laboratory  experiments were c a r r i e d  out i n  both l a rge  and small  sca le  
mixers. The small scale experiments ( ca l l ed  micro agglomeration) consis ted o f  
s t i r r i n g  0.50 g coal, 0.15 t o  0.35 g o f  o i l ,  and 10 g H20 a t  10,000 t o  21,000 
revo lu t i ons  per minute (rpm) i n  a micro-agglomeration c e l l  f o r  measured t ime 
periods. 

A va r iab le  speed blender w i th  a fab r i ca ted  bar  p rope l l e r  s t i r r i n g  rod was used t o  
ca r ry  ou t  t he  l a rge r  sca le experiments. Five hundred m l  o f  deionized water was 
poured i n t o  a s ta in less  s tee l  mixing cup. The weighed b ind ing o i l  was poured i n t o  
t h e  cup and the  o i l  and water mix ture was s t i r r e d  a t  10.000-20,000 rpm f o r  severa l  
minutes p r i o r  t o  in t roducing the  weighed coal sample i n t o  the  u n s t i r r e d  mixture.  
The water, o i l ,  and coal was s t i r r e d  a t  t he  above r a t e  f o r  from 1 t o  6 minutes. 

Fol lowing the  s t i r r i n g ,  t he  inherent pH o f  t he  s l u r r y  was measured us ing pH 
paper. (The e f f e c t  o f  pH adjustment on the  agglomeration was no t  inc luded as p a r t  
of t he  study reported here but  instead i s  included i n  the work c u r r e n t l y  
underway.) The s l u r r y  was then poured over a 100 mesh screen t o  c o l l e c t  t h e  
agglomerates. 500 m l  o f  deionized water was used t o  r i n s e  t h e  agglomerates and 
then they were ext racted w i t h  100 m l  te t rahydrofuran (THF), f i l t e r e d  under vacuum, 
and a i r  d r i e d  over n igh t .  

RESULTS AN0 DISCUSSION 

The i n i t i a l  experiments were ca r r i ed  out w i th  Mandan decant o i l  pxylene on t h e  
I l l i n o i s  16 bituminous coal s ince previous agglomeration work has been successful 
w i t h  t h i s  coal rank. Micro- and large-scale agglomeration experiments produced 
agglomerates which d i f f e r e d  i n  s i z e  and tex tu re  w i t h  d i f f e r e n t  so lvent  t o  coal 
r a t i o s ,  mix ing speeds and mixing times. A sa t i s fac to ry  solvent t o  coa l  r a t i o  f o r  
agglomeration o f  t he  bituminous coal w i t h  Mandan decant o i l  was determined by 
f i r s t  i n v e s t i g a t i n g  the  agglomerating proper t ies o f  the o i l  i t s e l f  and then by 
comparing those proper t ies w i t h  those o f  d i l u t i o n s  o f  decant o i l  w i t h  p-xylene. 
Rect iso l  naphtha, a l i g h t  o i l  stream obtained from the  commercial coal 
gas i f i ca t i on  p lan t  a t  Beulah, North Dakota, was subs t i t u ted  f o r  t he  p-xylene i n  
some of t h e  l a t e r  experiments. The ash content o f  t he  agglomerates formed i n  t h i s  
solvent was determined and compared w i t h  t h a t  o f  agglomerates formed a t  t he  same 
condi t ions us ing the  MOO p-xylene. 

The cha rac te r i s t i cs  o f  t he  agglomerates apparent t o  the  eye are described i n  terms 
of s i z e  and texture.  Micro-agglomerates o r  f l o c s  are t h e  smallest, d i s c r e t e  are 
"medium s ized" ,  and amalgams are the  l a rge  coa l - i n -o i l  pastes. The t e x t u r e  i s  
e i t h e r  f i r m  o r  loose. Tables 2 and 3 show the  c h a r a c t e r i s t i c s  o f  
agglyeratesformed a t  a v a r i e t y  o f  condi t ions f o r  both t h e  bituminous and t h e  
l i g n l t e  coal .  The ser ies o f  experiments c a r r i e d  out  w i th  Mandan Decant o i l  t o  
determine i t s  agglomerating a b i l i t y  gave the  desired f i r m  amalgam a t  a minimum 
solvent  t o  coal r a t i o  o f  0.6 when allowed t o  stand overnight. Sun and McMorris 

Moisture and ash content were then determined. 
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reported t h a t  h igh  s p e c i f i c  g r a v i t y  o i l s  do not  disperse we l l  enough i n  coal 
s l u r r y  t o  wet the  coal  (1). Since MOO has a s p e c i f i c  g r a v i t y  o f  1.0202 
(considered high), accounting f o r  the slow formation o f  agglomerates, lower 
s p e c i f i c  g r a v i t y  organic l i q u i d s  were added t o  reduce i t  t o  t h e  medium range. A 
50 w t  % MOO i n  p-xylene gave a medium range s p e c i f i c  g r a v i t y  o f  0.9400 and t h i s  
b ind ing o i l  agglomerated the  325 mesh bituminous coal sample w i t h i n  minutes a t  a 
so lvent  t o  coal  r a t i o  of 0.7 when s t i r r e d  f o r  3 minutes a t  10000 rpm. The l a r g e r  
200 mesh p a r t i c l e s  formed f i r m  agglomerates a t  a so lvent  t o  coal r a t i o  o f  0.5 
under the same s t i r r i n g  condit ions. 

TABLE 2 .  

MICROAGGLOMERATION RESULTS FOR 325 MESH ILLINOIS #6 BITUMINOUS 
"COAL, AS RECEIVED 

Mixing 
Binding Solvent/Coal Speed Time(min) Time(min) Agglomerates 

O i  1 Rat io  (rpm) Solvent S lu r r y  Type Texture 

I l l i n o i  
MDO 
MDO 
MOO 
MOO 
MDO/XY 
MOO/XY 
MOO/XY 

MOO/XY 
MDO/XY 
MDO/XY 

nDo/xv 

s #6 Bitumino 
0.4 
0.5 
0.6* 
0.7 
0.5 
0.6 
0.7 

0.6 
0.7 
0.8 

n F  V . 2  

us 
10,000 
10,000 
lD,OOO 
10,000 
10,000 
10,000 
10,000 

10,000 
10,000 
10,000 

i0, 000 

1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 

3 f l o c  
f l o c  
amal 
d i sc  
d isc.  
disc. 
amal. 
amai . 
amal . 
amal . 
none 

1 oose 
1 oose 
firm 
loose 
f i r m  
firm 
f i r m  
f i  nn 
f i r m  
f i r m  -- 

I n d i a  Head L i g n i t e  
MDO/XY 0.30 10,000 2 3 f l o c  f i r m  
MOO/XY 0.40 10,000 2 3 disc.  f i r m  
MDO/XY 0.50 10,000 2 3 d isc.  f i r m  
MOO/XY 0.60 l0;oOo 2 3 disc. f i r m  
MOO/XY 0.70 10,000 2 3 disc.  f i r m  

Hot Water Dr ied Ind ian Head L i g n i t e  
MDO/XY 0.30 10,000 2 3 disc.  f i r m  
MOO/XY 0.40 10,000 2 3 amal. f i r m  
MOO/XY 0.50 10,000 2 3 amal. f i r m  
MOO/XY 0.30 20,000 2 3 d isc.  f i r m  
M W / X Y  0.40 20,000 2 3 disc. f i r m  
MOO/XY 0.50 20,000 2 3 amal. f i r m  

MOO/XY = 50 w t  % MDO i n  XY 
MOO = Mandan Decant O i l  
XY = p-xylene 
f l o c  = micro-agglomerates 
d isc = d i sc re te  agglomerates 

amal =amalgams 
*agglomerates formed 
overnight 

Table 4 shows t h e  r e s u l t s  i n  terms o f  product ash content o f  experiments c a r r i e d  
out on the  l a r g e r  u n i t .  Simple ca l cu la t i on  from t h i s  t a b l e  shows the ash 
reduct ion o f  t h e  325 mesh bituminous coal was greater  than t h a t  o f  t he  200 mesh 
samples. This i s  not unexpected i n  l i g h t  o f  t he  f a c t  t h a t  t he  smaller p a r t i c l e s  
have more surface contact  w i t h  the  o i l .  Experiments w i t h  the 200 mesh bituminous 
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coal on the larger scale unit showed that firm amalgams could be formed at a ratio 
o f  as low as 0.3 when stirred for 6 minutes at 13,000 rpm resulting in an ash 
reduction of @%. Although these particles are more easily handled physically, 
Table 4 shows that greater ash reduction is accomplished in forming the smaller 
particles. 

TABLE 3. 

MICROAGGLOMERATION RESULTS FOR 70 wt % 200 
MESH IILLINOIS BITUMINOUS COAL, AS RECEIVED 

Mixing 
Binding Solvent/Coal Speed Time(min) Time(min) Agglomerates 
Qi 1 e T  e 

MOO/XY 0.5 10,000 2 3 amal. firm 
MDO/XY 0.6 10,000 2 3 amal. firm 
MDO/XY 0.7 10,000 2 3 amal. firm 

The same solvent as in the experiments with the bituminous coal was used in the 
experiments with the Indian Head lignite. In the micro agglomeration tests with 
325 mesh asreceived lignite at solvent to coal ratios of 0.250.70 and stirring 
rates of 10,000 rpm for 3 minutes no firm amalgams were formed. However, under 
identical conditions hot water dried lignite formed firm amalgams at solvent to 
coal ratios of 0.40, and at similar conditions but with a stirring rate of 20,000 
rpm, amalgams formed in a solvent to coal ratio of 0.50. In large scale tests, 
the as received lignite formed only firm discrete agglomerates. With hot water 
dried lignite firm amalgams were formed in the MDO p-xylene when mixing at 10,000 
rpm for 3 minutes in a solvent to coal ratio of 0.25 and resulted in a 21% 
reduction in ash content. Finn amalgams were also formed at ratios o f  0.30, 0.35, 
and 0.40 at the same mixing speed and time conditions with nominally 8% reduction 
in ash. Increasing the mixing speed to 20,000 rpm resulted in firm amalgams at a 
ratio of 0.30 with a 14% reduction in ash. Substitution of the rectisol naphtha 
for the p-xylene in the solvent mixture was found to yield only firm discrete 
particles and the most satisfactory solvent to coal ratio was 0.40. The ash 
reduction was 13% as compared with a reduction of 17% with the MOO p-xylene at the 
same mixing conditions. 

The pH was determined to be “6 for the slurries included in this study. Current 
work getting underway includes a study of the effect of adjusting the pH to 
enhance agglomeration and ash reduction. 

CONCLUSIONS 

The following conclusions are suggested by the data: 

Mandan Decant Oil, a high density oil, will agglomerate the studied coal types 
only after standing for extended periods o f  time, while a 50 w t  % mixture o f  
MOO in either p-xylene or rectisol naphtha, which forms a medium density oil, 
will agglomerate these coals within several minutes. 

Hot water drying of lignite enhances its agglomerating properties. 

Agglomerates which are flocculate or discrete in form generally gave higher 
ash reductions than amalgam agglomerates. 

Higher mixing speeds and longer mixing times although not giving large 
agglomerates, generally gave higher ash reductions with both coals studied. 
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o The MDO/XY b inde r  caused greater  reduct ion o f  t he  ash content o f  t h e  325 mesh 
as received l i g n i t e  (17%) than the MDO/RN (13%). 

Agglomerate format ion i s  dependent on the  design o f  t h e  s t i r r e r .  

When using t h e  MDO/XY solvent, the ash content o f  t h e  325 mesh bituminous coal 
was reduced more than t h a t  o f  the 200 mesh coal, showing reductions of 17% and 
14% respect ive ly .  A 14% reduct ion i n  ash was rea l i zed  f o r  the 325 mesh hot  
water d r i ed  l i g n i t e  as compared t o  12% f o r  t h e  as received l i g n i t e .  

o 

o 

TABLE 4. 

AGGLOMERATION RESULTS FOR A 50 WT % MANDAN DECANT OIL 
I N  P-XYLENE OR RECTISOL NAPHTHA. 

Solvent/Coal Speed Time(min) Time(min) Agglomerates Product 
Rat io  from) Sol vent Slur r v  Tvoe Textu r e  % Ash 

200 Mesh I l l i n o i s  16 Bituminous, as received 
0.30 13,000 2 3 disc.  
0.35 13,000 2 3 disc. 
0.40 13,000 2 3 amal . 
0.25 13,000 2 6 disc. 
0.30 13,000 2 6 amal . 
0.35 13,000 2 6 amal . 
0.25 16,000 2 6 disc.  
6.30 i6,OUU 2 6 disc.  
0.35 16,000 2 6 disc.  

f i r m  11.75 
f i r m  10.91 
loose 11.05 
f i r m  11.97 
f i r m  11.69 
f i r m  11.37 
f i r m  11.25 
f i r m  11.07 
f i r m  10.96 

325 Mesh I l l i n o i s  #6 Bituminous, as received 
0.25 16,000 2 6 f l o c  f i r m  21.83 
0.30 16,000 2 6 f l o c  f i r m  20.99 
0.35 .16,000 2 6 disc.  f i r m  20.55 

325 Mesh Ind ian Head L ign i te ,  as received 
0.40 MOO/XY 15,000 2 6 d isc.  f i r m  12.09 
0.40 MDO/RN 15,000 2 6 d isc.  f i r m  12.72 

325 Mesh Hot Water Dr ied Ind ian Head L i g n i t e  
0.25 10,000 2 3 amal. f i r m  8.73 
0.30 10,000 2 3 amal. f i r m  10.29 
0.35 10,000 2 3 amal. f i r m  10.12 
0.40 10,000 2 3 amal. f i r m  10.27 
0.30 20,000 2 3 amal. f i r m  9.49 
0.35 20,000 2 3 disc.  f i r m  9.44 
0.40 20,000 2 3 disc. f i r m  9.58 

*Moisture f r e e  bas is .  
MDO/XY = 50 w t  % Mandan Decant O i l  i n  p-xylene 
MDO/RN = 50 w t  % Mandan Decant O i l  i n  r e c t i s o l  naphtha 
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THE COMPARISON OF A LIGNITE CHAR, SUBBITUMINOUS COAL CHAR, AND A 
BITUMINOUS COAL CHAR USED IN THE REACTION WITH STEAM TO PRODUCE 
HYDROGEN. 

R.C. Timpe and R.E. Sears 

University of North Dakota Energy and Minerals 
Research Center, Grand Forks, North Dakota 58201 

ABSTRACT 

The use of coal as a carbon source in the char-steam reaction to 
produce hydrogen gas over the temperature range 700°-8000C (973-1073 
K) at atmospheric pressure has been studied in detail. Velva lignite 
has properties which give its char superior reactivity over those of 
the other coals tested. Catalysis with alkali carbonates enhanced 
the reactivity of Velva char substantially, whereas demineralization 
reduced the reactivity to a relatively constant value over the 
temperature range studied by removing inorganic material and altering 
the surface characteristics of the coal. Char produced from a Wyodak 
subbituminous coal and River King bituminous coal were much less 
reactive than Velva in the absence of catalyst but responded 
positively to the addition of alkali carbonates. Upon 
demineralization, these coals also showed reduced reactivity and 
altered surface features. This paper discusses the results of the 
experiments in terms of the reactivity data, SEM photos and elemental 
mapping, organic properties as determined from 1 3 ~  NMR and ESCA 
s p e c t r o s c o p y ,  and i n n r q s n i c  c o n t e n t  o f  t h e  substrates. 

INTRODUCTION 

The bench-scale production of hydrogen at atmospheric pressure and 
moderate temperatures (700°-8000C) from the uncatalyzed and catalyzed 
reaction of low-rank coal char and steam has been studied extensively 
at the University of North Dakota Energy and Mineral Research Center 
(UNDEMRC). The gasification process focuses on utilizing the 
gasification and the water-gas shift reactions at these conditions to 
optimize hydrogen production. The limiting step in the process at 
these conditions is the char-steam reaction (1). 

Although the low-rank coals that have been tested exhibit somewhat 
different reactivities from one another, they are generally more 
reactive than those of higher rank. (2) The reasons for the 
differences in reactivity within a rank remain controversial. 
However, surface area as it relates to turnover number, and the 
presence of specific catalytic inorganic materials, are certain to 
play a role in enhancing o r  retarding reaction rate. Similarly, the 
decrease in reactivity with increasing rank may be the result of one 
or both of these, along with the increasing aromatic nature of the 
coal. This study examined some of the similarities and differences 
in the chemical properties between representatives of the three 
ranks, that is, lignite, subbituminous and bituminous coals. 

The selection of test coals for this study was based on previous 
gasification performance as determined from the char reactivity data 
base at UNDEMRC. One of the test coals that was known to gasify 
readily was a lignite from the Velva, North Dakota, coal mine. This 
coal has been extensively studied at UNDEMRC as a feedstock for the 
hydrogen production process. These studies indicate that this coal 
is an excellent candidate for use in the gasification process and is 
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currently being used as a basis for comparing other candidate coals. 
The subbituminous coal selectd was likewise a much-studied Wyodak 
coal from Wyoming. Although Wyodak reacts more slowly in the bench- 
scale tests than the Velva lignite, its reactivity is greatly 
enhanced when the reaction is catalyzed by an alkali catalyst. The 
bituminous coal was the unwashed high-ash Illinois # 6  coal. 

EXPERIMENTAL 

The reactions between the coal chars and steam were studied with two 
different Thermogravimetric Analysis (TGA) systems. The kinetic 
study of weight change of carbon with time for the char-steam 
reaction was carried out on a DuPont 951 Thermogravimetric Analyzer 
(TGA) interfaced with a DuPOnt 1090 Thermal Analyzer. 

Approximately 30 mg samples of -100 x t140 mesh as-received or 
demineralized coal, or as-received coal containing K2CO3 catalyst, 
were devolatilized under argon flowing at 160 cc/min. The resulting 
char was then reacted with steam (p(~2o)"a.l) for a period not 
exceeding 180 minutes. Weight, time, and temperature data were 
recorded for the duration of the experiment. Total gas (product gas 
plus carrier gas) samples were collected over the duration of the run 
and were analyzed by gas chromatography (GC). 

Selected experiments were duplicated on an UNDEMRC-built large TGA 
(1) so that large gas samples could be collected, ensuring a more 
accurate gas analysis. Reactivity parameters, (k) , were calculated 
at each of three temperatures (T) and Arrhenius plots of In k vs 1/T 
were constructed for calculating energy of activation (E,) and 
frequency factor, (A), as previously described. ( 3 )  
Char analyzed by spectroscopic techniques was prepared as in the 
char-steam reaction experiments, but was cooled to room temperature 
under argon. These samples were analyzed by Electron Spectroscopy 
for Chemical Analysis (ESCA) and 50 MHz solid 13C Nuclear Magnetic 
Resonance Spectrometry (NMR). The NMR technique used on the samples 
was an adaptation of the Bloch Decay technique in which no CKOSS- 
polarization with hydrogen and no proton decoupling was used ( 4 ) .  
Instead, the 13C spins were polarized directly rather than from 
rapidly relaxing hydrogen nucleii, thus removing the question of the 
quantitative nature of cross-polarization in hydrogen deficient 
species.(5) All spectra were obtained using the same pulsing 
parameters and TOSS was used to eliminate spinning sidebands. 
Samples Of each char were examined by' Scanning Electron Microscopy 
(SEM) to determine surface elemental distribution and to obtain 
photographs of the char surface. The field was scanned and 
representative particles were photographed and mapped to determine 
the elemental distribution. 

RESULTS AND DISCUSSION 

There are several significant similarities and differences between 
the coals used in this study. Two of the basic differences in the 
coals used in this study were their rank and their geographical 
origins. The Velva lignite is a northern Great Plains lignite from a 
mine near Velva, North Dakota. The Wyodak subbituminous coal was 
from the Green River Basin in Wyoming. The Illinois # 6  was a 
bituminous coal obtained from the River King mine in southern 
Illinois. 

Proximate and ultimate analyses of the three coals are listed in 
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T a b l e  1. The  V e l v a  l i g n i t e  sample  was h i g h e r  i n  m o i s t u r e  and a s h  
c o n t e n t  t h a n  t h e  Wyodak s a m p l e .  The R i v e r  King b i t u m i n o u s  was l o w e r  
i n  m o i s t u r e  b u t  much h i g h e r  i n  m i n e r a l  m a t t e r  t h a n  e i t h e r  of t h e  
o t h e r  two. The t h r e e  c o a l s  h a v e  e q u a l  q u a n t i t i e s  o f  MAF v o l a t i l e  
m a t t e r  a n d  of f i x e d  c a r b o n  by w e i g h t .  

TABLE 1 

PROXIMATE AND ULTIMATE ANALYSES 

P r o x i m a t e  A n a l y s e s  

M o i s t u r e  % 
Ash, w t  % mf 
V o l a t i l e  Matter, w t  % mf 
V o l a t i l e  Matter, w t  % maf 
F i x e d  C a r b o n ,  w t  % mf 
F i x e d  C a r b o n ,  w t  % maf 
H e a t i n g  V a l u e ,  B t u / l b  AR 

U l t i m a t e  A n a l y s e s ,  mf ,  w t  % 

Hydrogen 
Carbon 
N i t  r oge  n 
S u l f u r  
Oxygen ( D i f f )  

Wyodak R i v e r  King 

29.3 
13 .5  
39.3 
45.4 
47.2 
54.6 
7185 

1 3 . 7  5.8 
8 . 1  35 .8  

42.7 29.2 
46.4 45.6 
49 .3  35.0 
53.6 54 .4  
8057 9477 

3 .84  4.76 2.61 
5 9 . 9 3  66.64 44.81 

0 .94  0 . 9 1  0.40 
0 . 5 3  0 . 5 1  5 .16  

2 1 . 2 6  19 .10  6.56 

A t h i r d  d i f f e r e n c e  was  i n  t h e  r e a c t i v i t i e s  o f  t h e  c o a l  c h a r s  i n  
u n c a t a l y z e d  c h a r - s t e a m  r e a c t i o n s  a s  i l l u s t r a t e d  by F i g u r e  1. T h e  
Wyodak s u b b i t u m i n o u s  c o a l  c h a r  r e a c t e d  more  s l o w l y  t h a n  t h e  l i g n i t e  
c h a r  b u t  t h e  s lowes t  r e a c t i o n  was t h a t  i n v o l v i n g  t h e  R i v e r  King c h a r .  
The r e a c t i o n s  o f  a l l  t h r e e  c h a r s  were  e n h a n c e d  b y  t h e  p r e s e n c e  o f  
a l k a l i  c a t a l y s t .  The R i v e r  King c h a r  r e a c t e d  t h e  s l o w e s t  of t h e  
t h r e e ,  and  t h e r e f o r e  t h e  u n c a t a l y z e d  and c a t a l y z e d  r e a c t i o n  of  t h a t  
c h a r  were o n l y  f o l l o w e d  t h r o u g h  < 25% c a r b o n  c o n v e r s i o n .  

The  r e a c t i v i t i e s  o f  t h e  t e s t  c o a l s ,  t h e  c o a l s  c o n t a i n i n g  K2CO3 
c a t a l y s t ,  and t h e  d e m i n e r a l i z e d  c o a l s  a r e  shown i n  T a b l e  2 .  Note  
t h a t  t h e  b i t u m i n o u s  c o a l  c h a r  a n d  t h e  d e m i n e r a l i z e d  c o a l  c h a r s  
r e a c t e d  w i t h  steam v e r y  s l o w l y  a t  a l l  t h r e e  t e m p e r a t u r e s  r e s u l t i n g  i n  
t h e  t e r m i n a t i o n  o f  e a c h  e x p e r i m e n t  b e f o r e  50% c o n v e r s i o n  c o u l d  b e  
a c c o m p l i s h e d .  T h e  V e l v a  l i g n i t e  c h a r  had r e a c t i v i t i e s  t h a t  were 1.5- 
2 times t h o s e  of  t h e  o t h e r  coals a t  e a c h  t e m p e r a t u r e .  C a t a l y s i s  of 
t h e  r e a c t i o n  a t  t h e  l o w e r  two t e m p e r a t u r e s  i n c r e a s e d  t h e  r e a c t i v i t y  
o f  t h e  Wyodak t o  v a l u e s  e x c e e d i n g  t h o s e  o f  t h e  V e l v a  c o a l  c h a r .  
However, a t  800OC. t h e  r e a c t i v i t y  o f  t h e  V e l v a  was i n c r e a s e d  t o  " 2 . 5  
t i m e s  t h a t  o f  t h e  Wyodak.  The r e a c t i v i t y  o f  t h e  R i v e r  K i n g  is 
g r e a t e r  o v e r  t h e  f i r s t  0-15 w t  % c a r b o n  c o n v e r s i o n  t h a n  o v e r  t h e  
r e m a i n d e r  o f  t h e  c o n v e r s i o n  a s  shown i n  F i g u r e  1. T h i s  i s  a t t r i b u t e d  
t o  t h e  h i g h e r  s t a t e  o f  o x i d a t i o n  o n  t h e  c h a r  s u r f a c e  p a r t i c l e  
c o m p a r e d  t o  t h e  s u b s u r f a c e  l a y e r s ,  m a k i n g  t h e  s u r f a c e  c a r b o n  
f u n c t i o n a l i t i e s  more h y d r o p h i l i c  t h a n  t h o s e  b e n e a t h  t h e  s u r f a c e .  T h e  
r e a c t i v i t y  of  t h e  R i v e r  King c h a r  is lower t h a n  t h a t  o f  t h e  o t h e r  t w o  
c o a l  c h a r s  e v e n  when c o m p a r i n g  i t s  h i g h e s t  k v a l u e  ( 1 5 %  c a r b o n  
c o n v e r s i o n )  w i t h  50% c a r b o n  c o n v e r s i o n  f o r  e a c h  of t h e  o t h e r  two. I n  
a d d i t i o n ,  of  t h e  f o r m s  t e s t e d  f o r  t h i s  R i v e r  King ,  none was g r e a t l y  
r e s p o n s i v e  t o  c h a n g e s  i n  t e m p e r a t u r e s  w i t h i n  t h e  s t u d i e d  t e m p e r a t u r e  
r a n g e .  
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TABLE 2. 

CHAR-STEAM REACTIVITIES FOR THREE COALS AT 700O. 750O. and 800OC. 
Coal 

Wyodak River Kinq 

Conversion, wt % C 50 50* 15 

k k k 
Temperature (OC) 

700 1.35 0.84 1.10 
750 2.10 0.94 1.23 
800 3.56 2.23 1.52 800 3.56 2.23 1.52 

700 
750 
800 

700 
750 
800 

Coal w/ 10 wt % K2C03 
4.06 9.87 5.00 
8.17 11.13 5.81 

34.81 13.07 8.41 

Demineralized Coal 
1.06 1.51 1.49 
1.40 3.25 3.06 
1.15 8.33 3.13 

* k calculated for 10% conversion of demineralized 
Wyodak char carbon. 

The inherent inorganic contents of  the ash for the three test coals 
are shown in Table 3. The aluminum, silicon, and iron concentration 
of the River King was much higher than in the other two coals. The 
potassium concentration was also higher in the bituminous coal than 
in the other two but apparently not in sufficient quantity to enhance 
the rate of reaction to a level near those o f  the lower rank coals. 
The sodium and calcium concentrations, two other elements known to be 
good catalysts, were much higher in the lower rank coals than in the 
River King. An effect related to a change in total inorganic content 
was noted. It was observed that on demineralizing the River King 
coal, the char reactivity was enhanced over that of the raw coal. 
Demineralization of the other two test coals left their chars less 
reactive than the those of the parent coal. 

TABLE 3. 

RESULTS OF ASH ANALYSES BY XRFA OF THREE COALS IN MOLES OF ELEMENT 
PER 10000 GRAMS OF COAL. 

ELEMENT 

A 1 umi num 
Silicon 
Sodium 
Po tass i urn 
Calcium 
Magnesium 
Iron 
Ti tan i um 
Phosphorus 
Sulfur 

VELVA 

3.02 
3.43 
1.06 
0.04 
8.32 
2.87 
0.94 
0.14 
0.10 
1.41 

WYODAK RIVER KING 

2.38 10.81 
3.95 26.77 
0.27 0.00 
0.05 1.49 
3.38 2.34 
1.20 1.16 
0.70 9.43 
0.13 0.38 
0.14 0.04 
1.02 1.64 
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T h e  SEN p h o t o g r a p h s  i n  F i g u r e  2 show t h e  s u r f a c e  e f f e c t  t h a t  r esu l t s  
f rom c h a r r i n g  t h e  t e s t  c o a l s  c o n t a i n i n g  K2CO3 c a t a l y s t .  The r a g g e d ,  
i r r e g u l a r  s u r f a c e  and  l a c k  of  a p p a r e n t  p o r e s  i n  t h e  u n c a t a l y z e d  c h a r  
w a s  i n  c o n t r a s t  t o  t h e  r o u n d e d ,  n o d u l a r  s u r f a c e  o n  t h e  a l k a l i  
c a t a l y z e d  c h a r .  The d e g r e e  t o  which  t h e  s u r f a c e  of  t h e  c o a l  changed  
o n  c h a r r i n g  w i t h  t h e  a d d i t i o n  o f  c a t a l y s t  d i f f e r e d  among t h e  c o a l s .  
The  v e l v a  c h a r  s u r f a c e  was r e m a r k a b l y  p o r o u s  and c o n t a i n e d  u n i f o r m ,  
e v e n l y  s p a c e d  n o d u l e s  o f  a p p r o x i m a t e l y  0 . 0 5 p m  x 0 . 1 0  . The 
n o d u l e s  on  t h e  s u r f a c e  o f  t h e  c a t a l y z e d  Wyodak and :::: c o a l  
c h a r s  w e r e  r o u n d e d  a n d  numerous b u t  n o t  u n i f o r m  i n  e i t h e r  s i z e  o r  
d i s t r i b u t i o n .  The d e m i n e r a l i z e d  Wyodak and  R i v e r  King c h a r s  had a 
g o o d  d e a l  o f  s u r f a c e  r e l i e f  i n  t h e  f o r m  o f  a f e w  n o d u l e s  a n d  
c o n c a v i t i e s  w h e r e a s  t h e  s u r f a c e  o f  t h e  d e m i n e r a l i z e d  V e l v a  was 
r e l a t i v e l y  smooth .  The d i f f e r e n c e s  i n  t h e  s u r f a c e  r e l i e f  a p p e a r  t o  
p a r a l l e l  t h e  d i f f e r e n c e s  i n  r e a c t i v i t y  and is  p r o b a b l y  d u e  t o  c h a n g e s  
i n  a v a i l a b l e  a c t i v e  s i t e s .  SEM mapping o f  t h e  s u r f a c e  f o r  i n o r g a n i c  
e l e m e n t  d i s t r i b u t i o n  showed t h a t  t h e  i n o r g a n i c  m a t t e r  w a s  n o t  
d i s t r i b u t e d  u n i f o r m l y  o v e r  t h e  s u r f a c e  o f  t h e  c h a r s  e x c e p t  f o r  t h e  
p o t a s s i u m .  The u n i f o r m  d i s t r i b u t i o n  o f  t h e  p o t a s s i u m  i n  e v e n  t h e  l o w  
m o i s t u r e  c o a l s  i m p l y  a f l u i d  d i s s e m i n a t i o n  o f  t h e  c a t a l y s t .  

C a r b o n - 1 3  N u c l e a r  M a g n e t i c  R e s o n a n c e  ( l 3 C  N M R )  s p e c t r a  of c h a r s  
p r e p a r e d  a t  t e m p e r a t u r e s  of 750OC shown i n  F i g u r e  3 i n d i c a t e d  t h e  
loss o f  m o s t  of  t h e  a l i p h a t i c  c a r b o n  o n  c h a r r i n g .  A r o m a t i c  c a r b o n y l  
g r o u p s  were p r e s e n t  i n  t h e  d e m i n e r a l i z e d  V e l v a  a n d  Wyodak c h a r s  
w h e r e a s  t h e y  a p p e a r e d  t o  be a b s e n t  i n  t h e  o t h e r  c h a r s .  I n t e g r a t i o n  
o f  t h e  d e m i n e r a l i z e d  :'s:va cher  s p e c t r u m  i n d i c a t e d  t h e  p r e s e n c e  o f  
more a l i p h a t i c  c a r b o n  t h a n  i n  t h e  raw V e l v a  c h a r .  The o p p o s i t e  was 
o b s e r v e d  f o r  t h e  Wyodak c h a r s ,  i n  w h i c h  t h e  raw Wyodak c h a r  had more 
a l i p h a t i c  c a r b o n  t h a n  i t s  d e m i n e r a l i z e d  c o u n t e r p a r t .  The a l i p h a t i c  
c o n t e n t  of t h e  two R i v e r  King c h a r s  d i d  n o t  d i f f e r  s i g n i f i c a n t l y .  

T a b l e  4 s h o w s  t h e  r a t i o  o f  c a r b o n  t o  t h e  o t h e r  e l e m e n t s  found b y  ESCA 
o n  t h e  s u r f a c e  of  t h e  c h a r  p a r t i c l e s .  The carbon- to-oxygen r a t i o  o f  
t h e  l i g n i t e  was a b o u t  t h e  same on  t h e  s u r f a c e  of  t h e  raw c h a r  a s  i t  
was o n  t h e  d e m i n e r a l i z e d  c h a r .  H o w e v e r ,  t h e  r a t i o  i n c r e a s e d  b y  
f a c t o r s  of 5 and  3 on t h e  d e m i n e r a l i z e d  c h a r s  o v e r  t h e  raw c h a r s  o f  
Wyodak a n d  R i v e r  King ,  r e s p e c t i v e l y .  I n  t h e  l a t t e r  two c a s e s ,  t h e  
d e m i n e r a l i z a t i o n  a p p e a r s  t o  r e m o v e  o x y g e n  a l o n g  w i t h  t h e  m i n e r a l  
matter a n d / o r  remove C - 0  f u n c t i o n a l i t i e s  l e a v i n g  less 

TABLE 4 .  

SURFACE ATOMIC R A T I O S  AS D E T E R M I N E D  BY ESCA, I N  ATOMS C PER ATOM Y 

VELVA WYODAK R I V E R  K I N G  
Atomic R a t i o  Raw D S  D H  Raw Raw Dem 

c/o 
C/N 
C/Na 
C / S i  
c/ s 
C/Ca 
C/A1 
C / F e  

4 . 1  4 .8  
1 0 7  134  
7 4 7  403 

1 6 . 6  403 
3 7 2  806  
374  ND 

8 3 . 0  8 0 6  
ND ND 

16 .6  
6 0 . 7  
4 5 6  
1 5 2  
4 5 6  

ND 
1 8 2  

N D  

6 . 1  
1 3 2  
1 5 9  
5 6 . 6  
3 9 7  
33.0 
4 1 . 7  
7 9 3  

3 0 . 7  
1 3 6  
ND 
9 5 1  
476  
9 5 1  
4 7 6  
9 5 1  

8 . 5  
6 8 . 5  
4 1 1  
30 .4  
1 1 7  
822  
31 .6  
8 2 2  

22 .7  
N D  

4 6 6  
N D  

9 3 . 1  
4 6 6  
1 0 3  
466  

* 9 0  m i n u t e  s p u t t e r  
ND = Not D e t e c t e d  
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reactive carbon functionalities on the surface of the particles. The 
change in inherent catalyst materials, sodium (Na), calcium (Ca), and 
iron (Fe), between raw coal char and demineralized coal char from the 
same coal differed for each of the coals. No pattern that would 
indicate a particular catalytic effect was observed for any of ttie 
three. Likewise silicon (Si), nitrogen (N), and sulfur ( S )  changes 
showed little correlation to the effect of demineralization that 
would facilitate a conclusion. 

CONCLUSIONS. 

All three coals responded to the addition of the K2CO3 catalyst in 
the char-steam reaction. Reactivity of the Velva char increased by 
factors of three to ten at a given temperature with the addition of 
the catalyst. However, the Wyodak char responded with greater 
increases in reactivity at the lower two temperatures upon catalyst 
addition, increasing reactivity six to ten times. The addition of 
catalyst to the River King char increased the reactivity by a factor 
of -5 but the char reactivity was affected very little by temperature 
over the temperature range studied. Demineralization of the coals 
reduced the reactivity of the Velva char but increased the reactivity 
of the River King over that of their respective raw coal chars. 
Scanning electron microscopy showed that the char surface is affected 
by both demineralization and catalyst addition to the raw coal. 
Larger than expected aromatic carbonyl peaks were obtained in the I3C 
NMR spectra of demineralized Velva and Wyodak chars: 
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CARBON CONVERSION 
CHIR - STEAM REACTION 

10 - 
0 I I I 

20 40 60 

TIME. MIN 
8 IWNOIS 16 + WYODAK 0 M L V A  

I 

Fiqure 1. C ~ f i v z r a i o n  of Veiva iignite, Wyodak subbituminous, 
and Illinois #6 char carbon on reacting with steam at 750oC. 

(a) (b) (C) 

Figure 2 .  SEM photos of chars of the raw (a, d, g) and 
demineralized (b, e, h) coals and chars of each coal with 10 
wt % K z C O 3  added (c, f, i). The photos shown are of chars of 
Velva lignite (a, b, c), Wyodak subbituminous ( d ,  e ,  f), and 
Illinois C6 bituminous (g, h, i) coals. 
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Velva Char 

Demineralized 
/ Velva Char 

l l l lnOiS # E  Char 

Demineralized 
llllnOiS + 6  Char 

F i g u r e  3. Solid 1 3 C  N M R  spectra of c h a r s  from raw and 
d e m i n e r a l i z e d  V e l v a  lignite, Wyodak s u b b i t u m i n o u s ,  and 
Illinois #6 bituminous coals. 
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COAL LIQUEFACTION USING DEUTERIUM-LABELED 
ANTHRACENE OIL SOLVENT 
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ABSTRACT 

In order to better understand the reactions of heteroatom- 
containing organics which occur during liquefaction of 
subbituminous coal, it is necessary to distinguish between coal- 
derived and solvent-derived species. A coal-derived liquefaction 
solvent, A04, was deuterium-labeled by a method developed at the 
University of North Dakota Energy and Minerals Research Center and 
found to be stable under liquefaction conditions. The deuterium- 
labeled A04 was reacted in the presence of unconverted coal 
(tetrahydrofuran-insoluble material from a previous autoclave 
liquefaction test), water, carbon monoxide, and hydrogen sulfide at 
350OC and 1000 psia for 30 minutes. No significant degradation in 
isotopic purity was observed in the mass spectra of the individual 
deuterated species comprising approximately 9 5  wt% of the 
deuterated solvent. Tests were also conducted with raw coal under 
similar liquefaction conditions to determine the amounts of coal- 
derived compounds evolved, and whether these compounds will undergo 
deuterium exchange with the deuterated solvent. Distillable 
products are being analyzed using GC/MS, and soluble and insoluble 
products are being analyzed using liquid proton and solid state C- 
13 NMR. The deuterium-labeling method has also been used to 
synthesize 16 model compounds including 0-, S-, and N-containing 
aromatics to be used in future liquefaction tests. Analytical 
results including product component identification, coal conversion 
as determined by tetrahydrofuran solubility, and changes observed 
in NMR spectra will be presented. 

INTRODUCTION 

The purpose of the described research is to study the reactivity 
of heteroatom-containing organics in Wyodak subbituminous coal 
under 1 ique f ac t i on condi tions . The 1 iquef ac t ion solvent speci f ied 
for use in the research is a coal-derived anthracene oil (A04). 
Several heteroatom-containing components of A04 (dibenzofuran, 
dibenzothiophene, and carbazole) are thought to be produced from 
coal during liquefaction. Other coal-derived liquefaction products 
such as phenol, cresols, and quinolines are also present in A04 as 
minor components. Clearly, a method is needed to distinguish 
between coal-derived and solvent-derived heteroatom-containing 
product species. By producing deuterium-labeled A04 and examining 
its behavior under liquefaction conditions, it should be possible 
to differentiate between coal-derived and solvent-contained species 
with gas chromatography/mass spectrometry (GC/MS) and nuclear 
magnetic resonance (NMR) techniques. 

SYNTHESIS OF DEUTERIUM-LABELED A04 LIQUEFACTION SOLVENT 

Approximately 30 grams of deuterium-labeled A04 was synthesized 

368 



u s i n g  a 1 . 0  l i t e r  a u t o c l a v e  c o n s t r u c t e d  of  " H a s t e l l o y  C " ,  a n  a l l o y  
r e s i s t an t  t o  c h l o r i d e  i o n  c o r r o s i o n .  A s i x  h o u r  r e a c t i o n  a t  300OC 
w a s  c a r r i e d  o u t  u s i n g  30 g rams  A 0 4 ,  and a 250 mL s o l u t i o n  of  4 %  
d e u t e r i u m  c h l o r i d e  i n  d e u t e r i u m  o x i d e  w i t h  1 0  mg/mL d i s s o l v e d  
chromium m e t a l .  A f t e r  c o o l i n g  t h e  a u t o c l a v e  o v e r n i g h t ,  t h e  p r o d u c t  
was removed f r o m  t h e  a u t o c l a v e ,  d i s s o l v e d  i n  e t h e r ,  washed,  d r i e d ,  
and  weighed t o  y i e l d  a n  a p p r o x i m a t e  97% r e c o v e r y .  F i g u r e  1 shows a 
g a s  chromatogram of  A04 b e f o r e  and  a f t e r  d e u t e r i u m - l a b e l i n g .  The 
s i m i l a r i t y  i n  t h e  two ch romatograms  d e m o n s t r a t e s  t h a t  e s s e n t i a l l y  
n o  d e g r a d a t i o n  o r  l o s s  d u e  t o  v o l a t i l i z a t i o n  o f  a n y  m a j o r  
c o m p o n e n t s  o c c u r r e d  a s  a r e s u l t  o f  u n d e r g o i n g  t h e  d e u t e r a t i o n  
r e a c t i o n .  F i g u r e  2 shows r e p r e s e n t a t i v e  mass s p e c t r a  o f  s e v e r a l  
i n d i v i d u a l  A04 componen t s  b e f o r e  d e u t e r a t i o n  ( u p p e r  s p e c t r u m  o f  
e a c h  s e t )  and a f t e r  d e u t e r a t i o n  ( l o w e r  s p e c t r u m ) .  The s p e c t r a  were 
o b t a i n e d  w i t h  a H e w l e t t  Packa rd  5985 GC/MS u s i n g  a 70 e V  e l ec t ron  
impac t  i o n i z a t i o n  p o t e n t i a l .  I n  g e n e r a l ,  i s o t o p i c  p u r i t i e s  of  t h e  
i n d i v i d u a l  a r o m a t i c  components  of  t h e  A04 were a p p r o x i m a t e l y  9 5 % ,  
a s  d e t e r m i n e d  u s i n g  GC/MS w i t h  low v o l t a g e  ( 1 0  ev) e l e c t r o n  i m p a c t  
i o n i z a t i o n .  

P r o t o n  NMR s p e c t r a  o b t a i n e d  of  t h e  n o n - d e u t e r a t e d  and d e u t e r a t e d  
s o l v e n t s  a r e  p r e s e n t e d  i n  F i g u r e s  3a and 3b. S i n c e  d e u t e r i u m  i s  
n o t  d e t e c t e d  w i t h  p r o t o n  N M R ,  t h e  a r e a  o f  t h e  a r o m a t i c  r e g i o n  (7-9 
ppm) is g r e a t l y  d i m i n i s h e d  r e l a t i v e  t o  t h e  a l i p h a t i c  r e g i o n  (0.7- 
4 . 5  ppm) i n  t h e  d e u t e r a t e d  s a m p l e .  T h i s  is b e c a u s e  a r o m a t i c  
p r o t o n s  a r e  more e a s i l y  exchanged  t h a n  a l i p h a t i c  p r o t o n s  unde r  t h e  
s y n t h e s i s  c o n d i t i o n s  u t i l i z e d .  U s i n g  d a t a  i n  T a b l e  1, a 
c a l c u l a t i o n  w a s  made t o  e s t i m a t e  t h e  e x t e n t  o f  d e u t e r i u m - f o r -  
h y d r o g e n  s u b s t i e u t i o n  r e q u i r e d  t o  p r o d u c e  t h e  o b s e r v e d  s p e c t r a l  
d i f f e r e n c e  b e t w e e n  t h e  d e u t e r a t e d  a n d  n o n - d e u t e r a t e d  s o l v e n t s .  
A s s u m i n g  G O  exriiatirje o f  d e u t e r i u m  for a i i p h a t i c  p r o t o n s ,  
a p p r o x i m a t e l y  91% o f  t h e  a r o m a t i c  p r o t o n s  o b s e r v e d  i n  t h e  s p e c t r a  
o f  t h e  o r i g i n a l  s o l v e n t  would h a v e  t o  b e  r e p l a c e d  w i t h  d e u t e r i u m  t o  
p r o d u c e  t h e  o b s e r v e d  s p e c t r a  o f  t h e  d e u t e r a t e d  s o l v e n t .  T h i s  v a l u e  
i s  i n  r e a s o n a b l e  a g r e e m e n t  w i t h  t h e  95% i s o t o p i c  p u r i t y  v a l u e  
c a l c u l a t e d  u s i n g  GC/MS a n a l y s i s .  

STABILITY TESTING OF DEUTERIUM-LABELED A04 

F o l l o w i n g  t h e  s y n t h e s i s  o f  d e u t e r i u m - l a b e l e d  A04 i t  w a s  
n e c e s s a r y  t o  d e t e r m i n e  t h e  s t a b i l i t y  o f  t h e  i n d i v i d u a l  d e u t e r a t e d  
s p e c i e s  i n  t h e  s o l v e n t  u n d e r  l i q u e f a c t i o n  c o n d i t i o n s .  To do  t h i s ,  
a r e a c t i o n  s y s t e m  was needed  t h a t  s i m u l a t e d  a s  c l o s e l y  a s  p o s s i b l e  
c o n d i t i o n s  t h a t  e x i s t  d u r i n g  l i q u e f a c t i o n ,  w i t h o u t  u s i n g  c o a l .  T h e  
a b s e n c e  o f  c o a l  i s  r e q u i r e d  t o  e n s u r e  t h a t  p o s s i b l e  d e g r a d a t i o n  i n  
t h e  i s o t o p i c  p u r i t y  o f  a s o l v e n t - d e r i v e d  d e u t e r a t e d  compound i s  n o t  
masked b y  t h e  f o r m a t i o n  of t h e  same compound from c o a l .  I n  o r d e r  
t o  p r o v i d e  t h e  s y s t e m  w i t h  t h e  c a t a l y t i c  a c t i v i t y  n o r m a l l y  d e r i v e d  
from t h e  m i n e r a l  c o n t e n t  o f  c o a l ,  i t  was d e c i d e d  t h a t  t h e  r eac t ion  
m i x t u r e  s h o u l d  c o n t a i n  tetrahydrofuran-insolubles (THFI) p r o d u c e d  
f r o m  an  a c t u a l  l i q u e f a c t i o n  r e a c t i o n .  To g e n e r a t e  t h e  THFI, a n  
a u t o c l a v e  l i q u e f a c t i o n  r e a c t i o n  was r u n  a t  350OC and  1000 p s i a  f o r  
3 0  m i n u t e s  u s i n g  383 grams C l o v i s  P o i n t  Wyodak c o a l ,  500 g rams  non- 
l a b e l e d  A04, 3 6  p s i  Has, a n d  964 p s i  CO. (Based on m o i s t u r e -  a n d  
a s h - c o n t e n t  tests r u n  p r i o r  t o  t h e  a u t o c l a v e  r e a c t i o n ,  383  g r a m s  
r a w  c o a l  w o u l d  p r o v i d e  2 5 0  g r a m s  m o i s t u r e -  and  a s h - f r e e  ( M A F )  
c o a l . )  The p r o d u c t  s l u r r y  c o n t a i n e d  1 5 . 3 %  THFI, 19 .4% of  which was 
a s h .  T h e  s t a b i l i t y  o f  d e u t e r a t e d  A04 was t e s t e d  by p e r f o r m i n g  
d u p l i c a t e  t u b i n g  bomb r e a c t i o n s  u s i n g  d e u t e r a t e d  A04 (2 .5  g r a m s ) ,  
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water, and THFI from the autoclave run. Water and THFI were added 
in quantities that would be supplied by a MAF coal charge of 1.25 
grams. The amount of water added (0.36 grams) was calculated based 
on a moisture content of 20.99 wt% raw coal, as determined 
immediately prior to the tubing bomb tests. The amount of THFI 
added (0.65 grams) was calculated based on the THF solubility of 
the product slurry resulting from the autoclave run. All other 
reaction conditions including H2S and CO pressures, and reaction 
time and temperature were identical to the conditions of the 
autoclave run. 

The most important result of the stability tests on deuterated 
A04 is the finding that the deuterated species comprising 
approximately 95 wt% of the solvent underwent no signif icant 
degradation in isotopic purity. Figure 4 displays mass spectra (70 
ev) o f  4 major components of deuterated A04 before and after 
exposure to liquefaction conditions. The fact that the before and 
after spectra are essentially identical will enable distinction to 
be made between coal-derived and solvent-derived species found in 
future liquefaction product slurries resulting from reactions with 
deuterated A04 and coal. For example, the assumption can be made 
that any non-labeled dibenzofuran resulting from the liquefaction 
of coal using deuterated A04, must be derived from the coal, since 
all solvent-derived dibenzofuran should remain deuterium-labeled 
throughout the reaction. 

Several minor component species displaying various degrees of 
degradation in isotopic purity based on mass spectral data include 
phenol, two cresol isomers, quinoline, and carbazole. These 
compounds, while displaying molecular ions of smaller mass after 
stability testing than before, are still distinguishable from non- 
labeled isotopes. Figure 5 displays the mass spectra of deuterium- 
labeled phenol as it appears in deuterated A04 prior to stability 
testing (top spectra), deuterium-labeled phenol as it appears in 
deuterated A04 following stability testing (middle spectra) , and 
non-labeled phenol as it appears in non-labeled A04 (bottom 
spectra). Coal-derived phenol (molecular ion at 94) produced 
during future liquefaction tests in which deuterated A04 is used, 
should be easily distinguishable from solvent-derived phenol 
(molecular ion at 96). 

Another result of the stability testing of deuterated A04 is the 
conversion of approximately 24 wt% of the THFI (which by definition 
is unconverted coal and ash) from one liquefaction reaction, to 
THF-soluble products through a second liquefaction reaction under 
nearly identical conditions. A partial explanation of this 
conversion may be the fact that the residence time for the THFI was 
double that of the raw coal. The 24 wt% conversion value was 
calculated based on the ash-free weight of THF-insolubles reacted. 

LIQUEFACTION OF WYODAK COAL WITH DEUTERATED A04 

After demonstrating that deuterium-labeled A04 is stable under 
the previously described liquefaction conditions, duplicate tubing 
bomb reactions were run using labeled A04 with Wyodak (Clovis 
Point) coal. The feed slurry contained a 2/1 weight ratio of 
labeled A04 to MAF coal. All reaction conditions were identical to 
those used in the previously described tubing bomb and autoclave 
reactions. Liquefaction conversion of the organic content of the 
coal was determined by THF solubility to be approximately 41 wt%. 
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The p r o d u c t  s l u r r i e s  o b t a i n e d  were a n a l y z e d  u s i n g  GC/MS, a n d  l i q u i d  
p r o t o n  NMR. 

ANALYSIS OF PRODUCTS FROM COAL LIQUEFACTION WITH D E U T E R A T E D  
A* 

A l l  GC/MS a n a l y s e s  were pe r fo rmed  u s i n g  m e t h y l e n e  c h l o r i d e  as  
t h e  s o l v e n t ,  Compar i son  o f  t h e  mass spectra  o f  d e u t e r a t e d  A04 i n  
p r o d u c t  s l u r r i e s  f r o m  l i q u e f a c t i o n  r u n s  made w i t h  and  w i t h o u t  c o a l ,  
h a s  i n d i c a t e d  t h a t  t h e  c o m p o s i t i o n  a n d  i s o t o p i c  p u r i t y  o f  t h e  
d e u t e r a t e d  s o l v e n t  r e c o v e r e d  from b o t h  r e a c t i o n s  a r e  e s s e n t i a l l y  
i d e n t i c a l .  I n  a n  e f f o r t  t o  d e m o n s t r a t e  t h e  f o r m a t i o n  o f  c o a l -  
d e r i v e d  c o m p o u n d s ,  8 c o m p o u n d s  were s e l e c t e d  f o r  c o m p a r a t i v e  
q u a n t i t a t i v e  a n a l y s i s .  The compounds c h o s e n  f o r  s t u d y  ( p h e n o l ,  3 
c r e s o l  i s o m e r s ,  t e t r a l i n ,  n a p h t h a l e n e ,  p h e n a n t h r e n e ,  a n d  
d i b e n z o f u r a n )  were s e l e c t e d  p r i m a r i l y  b e c a u s e  t h e y  were p r e s e n t  i n  
d e t e c t a b l e  q u a n t i t i e s  i n  b o t h  t h e  s t a b i l i t y  t e s t  a n d  c o a l  
l i q u e f a c t i o n  p r o d u c t  s l u r r i e s .  S i n c e  a n y  c o a l - d e r i v e d  c o m p o u n d s  
would b e  n o n - l a b e l e d ,  t o  d e t e r m i n e  whe the r  a n y  of  t h e  8 compounds 
were formed from c o a l ,  a method was needed  t o  compare  t h e  q u a n t i t y  
o f  each  n o n - d e u t e r a t e d  compound t o  t h e  q u a n t i t y  of i t s  d e u t e r a t e d  
c o u n t e r p a r t  i n  b o t h  p r o d u c t  s l u r r i e s .  A mass s p e c t r a l  t e c h n i q u e  
was employed which e n a b l e s  t h e  r e l a t i v e  q u a n t i t a t i o n  o f  t h e  amount 
o f  m a t e r i a l  h a v i n g  a s p e c i f i e d  m o l e c u l a r  i o n  w e i g h t ,  u s i n g  " a r e a  
c o u n t s "  a s  u n i t s  o f  q u a n t i t a t i o n .  F o r  e x a m p l e ,  p h e n o l  h a s  a 
m o l e c u l a r  i o n  a t  9 4  mass u n i t s ,  w h i l e  d e u t e r a t e d  (dz - )  p h e n o l  h a s  a 
m o l e c u l a r  i o n  a t  9 6 .  The r e l a t i v e  q u a n t i t i e s  ( i n  a r e a  c o u n t s )  o f  
p h e n o l  a n d  d 2 - p h e n o l  c a n  b e  o b t a i n e d  by i n t e g r a t i n g  t h e  area u n d e r  
e a c h  m o l e c u l a r  i o n  peak .  A r a t i o  c a n  t h e n  be c a l c u l a t e d  r e l a t i n g  
area c o u n t s  o f  p h e n o l  t o  a r e a  c o u n t s  of dg -pheno l .  I f  t h i s  r a t i o  
is c a l c u l a t e d  f o r  t h e  p h e n o l  q u a n t i t i e s  i n  t h e  p r o d u c t  s l u r r i e s  
f rom b o t h  t h e  s t a b i l i t y  t e s t  r e a c t i o n  a n d  t he  r e a c t i o n  w i t h  c o a l ,  
i t  is p o s s i b l e  t o  a s c e r t a i n  w h e t h e r  p h e n o l  w a s  i n  f a c t  p r o d u c e d  
from c o a l ,  s i m p l y  b y  compar ing  t h e  two r a t i o s .  T a b l e  2 i s  a l ist 
of a r e a  c o u n t s  f o r  t h e  8 n o n - l a b e l e d  and l a b e l e d  compounds p r e s e n t  
i n  t h e  p r o d u c t  s l u r r i e s  f rom b o t h  r e a c t i o n s .  R a t i o s  o f  a r e a  c o u n t s  
n o n - l a b e l e d  t o  l a b e l e d  compounds a r e  g i v e n  i n  c o l u m n  E f o r  b o t h  
r e a c t i o n s .  The f a c t  t h a t  t h e  r a t i o  o f  a r e a  c o u n t s  o f  n o n - l a b e l e d  
t o  l a b e l e d  p h e n o l  p r o d u c e d  f r o m  t h e  r e a c t i o n  w i t h  c o a l  i s  
a p p r o x i m a t e l y  4 t i m e s  g r e a t e r  t h a n  t h e  same r a t i o  f o r  t h e  r e a c t i o n  
w i t h  THFI, is  e v i d e n c e  f o r  t h e  p r e s e n c e  o f  4 t i m e s  t h e  q u a n t i t y  of 
n o n - l a b e l e d  p h e n o l  in t h e  c o a l  r e a c t i o n  p r o d u c t  s l u r r y .  S i n c e  
c o n d i t i o n s  d u r i n g  t h e  two r e a c t i o n s  were i d e n t i c a l ,  i t  i s  l o g i c a l  
t h a t  t h e  e x t r a  p h e n o l  came from t h e  c o a l .  There i s  a l s o  s t r o n g  
e v i d e n c e  p o i n t i n g  t o  l o w - t e m p e r a t u r e  (350OC) p r o d u c t i o n  o f  c r e s o l  
f rom t h e  c o a l .  S i n c e  t h e  a r e a  c o u n t s  a r e  low f o r  t e t r a l i n  (see 
e x p l a n a t i o n  a t  b o t t o m  o f  t a b l e )  e v i d e n c e  s u g g e s t s  o n l y  t h e  
p o s s i b i l i t y  o f  t e t r a l i n  f o r m a t i o n  f r o m  t h e  c o a l .  B a s e d  o n  t h e  
r a t i o s  i n  column E ,  i t  a p p e a r s  t h a t  n a p h t h a l e n e ,  p h e n a n t h r e n e ,  a n d  
d i b e n z o f u r a n  a r e  p r e s e n t  i n  g r e a t e r  q u a n t i t i e s  i n  t h e  THFI r e a c t i o n  
p r o d u c t s  t h a n  i n  t h e  c o a l  r e a c t i o n  p r o d u c t s .  T h e r e  a r e  t w o  
e x p l a n a t i o n s ,  b o t h  o f  which may b e  p a r t i a l l y  r e s p o n s i b l e  f o r  t h i s  
r e s u l t .  The f i r s t  c e n t e r s  o n  t h e  l o n g e r  r e s i d e n c e  t i m e  s p e n t  u n d e r  
l i q u e f a c t i o n  c o n d i t i o n s  b y  t h e  THFI. S i n c e  t h e  THFI were r e a c t e d  
twice as l o n g  as  t h e  c o a l ,  i t  i s  p o s s i b l e  t h a t  s p e c i e s  wh ich  t a k e  
l o n g e r  t o  fo rm may be more c o n c e n t r a t e d  i n  t h e  p r o d u c t  s l u r r y  o f  
t h e  l o n g e r  r e a c t i o n .  The s e c o n d  e x p l a n a t i o n  d e a l s  w i t h  a d d u c t i o n  
of A04 s o l v e n t  ( n o n - l a b e l e d )  t o  t h e  s o l i d  THFI d u r i n g  t h e  a u t o c l a v e  
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r e a c t i o n .  When t h e  A 0 4 - c o n t a i n i n g  THFI were t h e n  s u b j e c t e d  t o  
l i q u e f a c t i o n  c o n d i t i o n s  a s e c o n d  t i m e ,  A04 c o u l d  have  been  r e l e a s e d  
f r o m  t h e  THFI and  r e n d e r e d  s o l u b l e .  The p r e p a r a t i o n  of  t h e  THFI 
from t h e  a u t o c l a v e  r e a c t i o n  i n v o l v e d  t h e i r  s e p a r a t i o n  f r o m  THF- 
s o l u b l e s  t h r o u g h  a vacuum f i l t r a t i o n  and  e x t r a c t i o n  w i t h  THF. The 
i n s o l u b l e  f r a c t i o n  was t h e n  d r i e d  i n  a n  oven  o v e r n i g h t  a t  120OC. 
The c o a r s e  powder r e m a i n i n g  c o n s t i t u t e d  t h e  THFI wh ich  were t h e n  
r e a c t e d  a s e c o n d  t i m e .  I n  o r d e r  t o  d e t e r m i n e  t h e  c o n t r i b u t i o n  o f  
s o l v e n t  a d d u c t i o n  t o  t h e  p r e s e n c e  of  c e r t a i n  s p e c i e s  i n  t h e  THFI 
r e a c t i o n ,  i t  may  b e  n e c e s s a r y  t o  u s e  THFI  w h i c h  h a v e  b e e n  
" c l e a n e d " ,  p o s s i b l y  t h r o u g h  a n  e x t e n d e d  S o x h l e t  e x t r a c t i o n .  

The p r o d u c t  s l u r r i e s  f rom t h e  r e a c t i o n s  o f  THFI w i t h  d e u t e r a t e d  
A 0 4 ,  and c o a l  w i t h  d e u t e r a t e d  A04 were a l s o  compared u s i n g  p r o t o n  
N M R .  F i g u r e  6 i s  t h e  N M R  s p e c t r u m  of t h e  d e u t e r a t e d  m e t h y l e n e  
c h l o r i d e  s o l u b l e s  o b t a i n e d  from t h e  r e a c t i o n  of  d e u t e r a t e d  A04 and 
THFI. ( S i n c e  d e u t e r i u m  i s  n o t  d e t e c t e d  w i t h  p r o t o n  N M R ,  r e a c t i o n  
p r o d u c t s  were e x t r a c t e d  w i t h  d e u t e r a t e d  m e t h y l e n e  c h l o r i d e . )  
F i g u r e  7 is  t h e  NMR s p e c t r u m  of  t h e  d e u t e r a t e d  m e t h y l e n e  c h l o r i d e  
s o l u b l e s  o b t a i n e d  from t h e  r e a c t i o n  of  d e u t e r a t e d  A04 a n d  c o a l .  
T h e s e  s p e c t r a  c a n  b e  compared t o  t h e  d e u t e r a t e d  A04 s p e c t r u m  i n  
F i g u r e  3b .  The m a i n  p e a k s  t h a t  s t a n d  o u t  a s  u n i q u e  a r e  t h o s e  
a s s o c i a t e d  w i t h  p r o t o n s  o n  b r i d g e  c a r b o n s  found  i n  f l u o r e n e  a t  3 .9  
ppm and a c e n a p h t h e n e  a t  3.4 ppm. The a c e n a p h t h e n e  b r i d g e  p r o t o n s  
make up  3.3% of  t h e  a r e a  i n  t h e  s p e c t r u m  o f  d e u t e r a t e d  A04, 3 .0% of  
t h e  a r e a  i n  t h e  s p e c t r u m  o f  t h e  THFI r e a c t i o n  p r o d u c t s ,  and  7 . 1 %  of  
t h e  a r e a  i n  t h e  s p e c t r u m  of  t h e  c o a l  r e a c t i o n  p r o d u c t s  ( see  T a b l e  
1). F l u o r e n e  b r i d g e  p r o t o n s  make up  3 .9 ,  1 2 . 8 ,  a n d  9 . 8 %  o f  t h e  
t h r e e  s p e c t r a  a r eas ,  r e s p e c t i v e l y .  P r o t o n s  ( and  d e u t e r i u m  a t o m s )  
i n  t h e s e  b r i d g e  p o s i t i o n s  a r e  l a b i l e .  H i g h e r  p e r c e n t a g e s  o f  
h y d r o g e n  o n  b r i d g e  c a r b o n s  i n  r e a c t i o n  p r o d u c t s  t h a n  i n  t h e  
d e u t e r a t e d  s o l v e n t ,  c o u l d  b e  d u e  t o  h y d r o g e n  r e p l a c i n g  b r i d g e  
p o s i t i o n  d e u t e r i u m  d u r i n g  t h e  r e a c t i o n s  w i t h  THFI o r  c o a l .  S o u r c e s  
o f  hydrogen  c o u l d  b e  n o n - s u b s t i t u t e d  h y d r o g e n  f r o m  t h e  s o l v e n t ,  
hydrogen  from t h e  c o a l ,  o r  hydrogen  f rom t h e  hydrogen  s u l f i d e  used  
i n  t h e  r e a c t i o n .  A c c o r d i n g  t o  GC/FID a r e a  p e r c e n t  d a t a ,  
a c e n a p h t h e n e  c o m p r i s e s  3 .6% and f l u o r e n e  3 . 5 %  of  t h e  t o t a l  A04. 
A c c o r d i n g  t o  GC/MS d a t a ,  d u r i n g  t h e  r e a c t i o n  w i t h  c o a l ,  
a p p r o x i m a t e l y  7 5 %  o f  t h e  a c e n a p h t h e n e  and  9 0 %  o f  t h e  f l u o r e n e  
b r i d g e  p o s i t i o n  d e u t e r i u m  was r e p l a c e d  w i t h  hydrogen .  Dur ing  t h e  
r e a c t i o n  w i t h  THFI, a p p r o x i m a t e l y  2 5 %  o f  t h e  a c e n a p h t h e n e  and  90% 
o f  t h e  f l u o r e n e  b r i d g e  p o s i t i o n  d e u t e r i u m  w a s  r e p l a c e d  w i t h  
h y d r o g e n .  T h i s  i n d i c a t e s  t h a t  i n  t h e  p r e s e n c e  o f  c o a l ,  
a c e n a p h t h e n e  e x c h a n g e s  s l i g h t l y  l e s s  b r i d g e  d e u t e r i u m  t h a n  
f l u o r e n e ,  and e x c h a n g e s  s i g n i f i c a n t l y  less i n  t h e  p r e s e n c e  o f  THFI. 
F l u o r e n e  g i v e s  up  i t s  b r i d g e  d e u t e r i u m  w i t h  e q u a l  e a s e  i n  t h e  
p r e s e n c e  of THFI o r  c o a l .  Based on t h i s  e v i d e n c e  i t  i s  l i k e l y  t h a t  
f l u o r e n e  w o u l d  b e  a m o r e  e f f i c i e n t  h y d r o g e n  s h u t t l e r  t h a n  
a c e n a p h t h e n e .  

THE FATE OF HETEROATOM-CONTAINING AROMATICS D U R I N G  
LIQUEFACTION 

Anothe r  a s p e c t  o f  t h i s  p r o j e c t  i n v o l v e s  m o n i t o r i n g  t h e  f a t e  of  
h e t e r o a t o m - c o n t a i n i n g  s p e c i e s  i n  c o a l  u n d e r  l i q u e f a c t i o n  
c o n d i t i o n s .  A t u b i n g  bomb t e s t  was r u n  w i t h  c o a l  and n o n - l a b e l e d  
A 0 4  which had been  " s p i k e d "  w i t h  a set of  1 3  d e u t e r a t e d  h e t e r o a t o m -  
c o n t a i n i n g  compounds and 3 d e u t e r a t e d  a r o m a t i c  h y d r o c a r b o n s .  A l l  
t h e  h e t e r o a t o m - c o n t a i n i n g  o r g a n i c s  u s e d  h a v e  b e e n  f o u n d  i n  c o a l  
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liquefaction products, and many have also been identified as 
compounds emitted in substantial amounts during the pyrolysis of 
Wyodak coal ( 2 ) .  Analysis of the product slurry is currently in 
progress. 

Deuterated compounds were synthesized using a reagent consisting 
of 4% deuterium chloride in deuterated water (deuterium oxide) with 
10 mg/mL added chromium metal. The amount of reagent used in each 
reaction was calculated to give a reaction mixture containing a 
20/1 molar ratio of deuterium to aromatic hydrogen. Syntheses were 
performed at 200 or  300OC for 2 or 15 hours as required to yield a 
product with both high isotopic and chemical purity (3,4). Table 3 
is a list of the compounds along with their respective chemical and 
isotopic purities. Dihydrophenanthrene , dihydroanthracene, and 
hexahydropyrene are included in the table since these compounds 
served as hydrogen donors in another test involving the fate of 
hydrogen donors under liquefaction conditions. Most of the 
synthesized deuterated compounds had isotopic purities that 
approached 95% (as determined by 10 eV low-voltage E1 mass 
spectrometry) which is the equilibrium value expected from using a 
reaction mixture containing a 20/1 molar ratio of deuterium to 
aromatic hydrogen. It is interesting to note that the 
hexahydropyrene showed 12 H/D exchanges even though only four 
aromatic hydrogens are present on the molecule. Proton NMR 
analysis of the deuterated product showed that the 8 aliphatic 
hydrogens bonded to the carbon atoms alpha to the aromatic rings 
were also replaced with deuterium during the synthesis. Aliphatic 
hydrogens were also replaced with deuterium during the synthesis of 
d6-2-methylthiophene. 

CONCLUSIONS 

It has been demonstrated that deuterium-labeled A04 solvent 
undergoes no significant decrease in overall isotopic purity as a 
result of exposure to liquefaction conditions at 350OC and 1000 
psia f o r  30 minutes. Although certain compounds such as phenol, 
cresols, acenaphthene, and fluorene undergo a reduction in isotopic 
purity under liquefaction conditions, the resulting mass spectra of 
the compounds are easily distinguishable from their non-deuterated 
counterparts. Despite a fairly low conversion, concrete evidence 
was found to substantiate the production of phenol and cresols 
during mild liquefaction of Wyodak coal. Production of tetralin 
was indicated but not substantiated by the data available. 
Analytical results from GC/MS and NMR were shown to correlate well. 

REFERENCES 

1. Hawthorne, S . B . ,  D.J. Miller, T.R. Aulich, and S.A. Farnum. 
"A Simple Method for the Synthesis of Perdeuterated Aromatic 
Hydrocarbons and Heterocyclic Compounds," ACS Fuel Division 
Preprints, 32, 471, (1987) 

2. Miller, D . J .  and S.B .  Hawthorne. "Pyrolysis GC/MS Analysis 
of Low-Rank Coal," ACS Fuel Division Preprints, 32, 10, (1987) 

3. Werst 

4. Werst 

uk, N.H. and Kadai, T. Can. J. Chem., 52, 2169, (1974) 
uk, N.H. and Timmins, G. Can. J. Chem., GI 1485, (1981) 

373 



TABLE 1 

PROTON NMR SUMMARY 

Proton Type PPm 

Aldehydic 
Aromatic 
Fluorenes 
Acenaphthene 
Bridge H's 

Alpha to 
Aromatic 

Beta to 
Aromatic 

Methylene 
Methyl 

10.0-9.0 
9.0-5.9 
4.4-3.5 
3.5-3.3 

3.3-1.9 

1 .9 -1 .5  

1.5-1.0 
1.0-0.0 

Normalized P r o t o n  Distribution 

A04 D-A04 D-A04 + 
I OM 

0.3 0.1 0.0 
73.4 18 .6  29.2 

4.0 3.9 12.8 
4.6 3.3 3.0 

11 .7  29.4 23.1 

0.4 11.4 8.1 

4 . 1  22.6 15 .1  
1 . 5  10.7 8.6 

D-A04 + 
Wyodak 

0 . 1  
2 4 . 1  

9.8 
7 . 1  

25.0 

5.0 

1 9 . 2  
9.7 

TABLE 2 

MASS SPECTRAL AREA COUNT DATA 

A 
Compound 

B 
React i o n  

C 
Area Counts 
Non-label ed 
Compound 

D 
Area Counts 

Labeled 
Compound 

E 
Ratio 
C/D 

Phenol 
Phenol 
III- & p-Cresol* 
m- & p-Cresol* 
o-Cre so 1 
o-Creso 1 
Te tr a1 in 
Te tral i n 
Naphthalene 
Naphthalene 
Phenanthrene 
Phenanthrene 
Dibenzofuran 
Dibenzof uran 

w/THFI 
w/coal 
W/THFI 
w/coal 
w/THFI 
w/coal 
w/THFI 
w/coal 
W/THFI 
w/coal 
W/THFI 
w/coal 
W/THFI 
w/coal 

726 
3624 

398 
1 1 4 6  

1 2 4  
265 

1 9  
1 2 4  
460 

5 9  
2802 

3 5 1  
722 

3 2  

3959 
3863 

907 
1058 

399 
387 

8 0  
3 2  

47066 
3 8 4 1 0  

1 6 9 6 5 9  
1 4 9 5 0 7  

60837 
48272 

0.24 
0.94 
0.44 
1 .08  
0 . 3 1  
0.68 
0.24 
3.88 
0.0098 
0 .0015 
0.017 
0 .0024 
0.012 
0.0007 

* m- and p-cresol elute as one species under the chromatographic 
conditions used. 

Ratios in column E are area counts non-labeled aromatics to area 
counts labeled aromatics, in product slurries from liquefaction 
reactions with coal, and in product slurries from liquefaction 
reactions with THFI. 

Area counts less than 1 0 0  are subject to substantial error and 
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should not be used as conclusive quantitative data. Low area 
counts are listed in this table solely to provide a otential 
indication of some of the detectable product quantities Fesulting 
from the two reactions. 

TABLE 3 

ISOTOPIC AND CHEMICAL PURITIES OF DEUTERATED COMPOUNDS 

Compound Isotopic Purity ( % )  

d8-dihydr ophenanthrene 96.6 
dl2-hexahydropyrene 97.0 
d7-dihydroanthracene 97.2 

dl0-pyr ene 95.0 

d7-naphtho 1 89.7 
d5-phenol 96.0 
d4-o-cr eso 1 91.0 
d3-3-ethyl-5-methylphenol 94.1 
d4-4n-propylphenol 96.5 
d3-3-methylca tech01 97.0 
d8-dibenzofuran 95.4 
d9-phenanthridine 79.5 
d7-quinoline 64.7 
dg-pyridine 99.0 
d 8 -car ba zo 1. e 3 4 . :  
d8-dibenzothiophene 95.3 
d6-2-methylthiophene 94.8 

dl0-phenanthrene 95.3 

dl0-biphenyl 94.9 

Chemical Purity ( % )  

81.5 
86.3 
89.0 
101.0 
98.8 
98.5 
97.7 
95.9 
91.5 
96.1 
53.1 
91.4 
100.0 
100.0 
102.0 
100.0 
i85.8 
100.0 
82.3 

Chemical purity values are + or - 5%. 
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Before (left) and after (right) liquefaction. 

Figure  4 .  Mass s p e c t r a  of 4 components o f  deuterated A 0 4  before  
( l e f t )  and a f t e r  ( r i g h t )  exposure t o  l i q u e f a c t i o n  
c o n d i t i o n s  with  THFI, HzS, co, and Water. 
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Figure 5 .  Mass spectra  o f  d phenol a6 i t  appears i n  deuterated 
A 0 4  prior  to s t a b l y i t y  t e s t i n g  ( t o p  s p e c t r a ) .  d2-phenol 
a s  i t  appears fo l lowing s t a b i l i t y  t e s t i n g  (middle 
s p e c t r a l ,  and phenol as i t  appears i n  non-deuterated 
A 0 4  (bottom s p e c t r a ) .  

378 



A 

w n  
o m  
01, 

- 
m 
m 

n 
a u  
r ( m  

m m  

~m 

I L ~ O  

r m u  

.-I 

O U  

C L  

U P  

c o  

0 

I 
.9 
ct 

? 

? 

9 

9 

? 
u) 

9 
p. 

9 
m 

9 

b 

H 
.? 
..I 

.? 
N 

.? 
m 

.? 
P 

.9 
ul 

9 
u) 

9 
p. 

9 
m 

9 
m 

379 



Nitrogen Bases and Carbon Deposits on Coal Liquefaction Catalysts 

Diane R. Milburn, Bruce D. Adkins, and BurtrOn H. Davis 

Kentucky Energy Cabinet Laboratory 
P.0.BOx 13015, Lexington, KY 40512-3015 

Introduction 

The respective roles of coke and alkali as poisons of coal 
liquefaction catalyst activity have attracted the interest of 
numerous researchers in the past decade (1-17). It is believed 
that coke formation occurs on catalyst acid sites and that the 
basicity of coke precursors is an important factor in determining 
the propensity for coke formation. It is also well-known that 
alkali metals, especially sodium, can poison acid sites. The coal 
liquefaction catalyst environment often contains basic compounds 
(nitrogen bases) and alkali metals (in the coal ash). 

Recently, we have correlated elemental analysis data obtained 
for catalyst samples from the Wilsonville, Alabama coal 
liquefaction pilot plant. We were surprised to find that a simple 
mechanistic model involving (a) nitrogen bases chemisorbed on acid 
sites, and (b) poisoning of acid sites by sodium, can explain 
virtually all of the interesting coke-formation trends seen in the 
Wilsonville process since the inception of the two-stage 
liquefaction (TSL) process mode. The purpose of this paper is to 
describe this model. 

Experimental 

Catalyst samples used in this work were from the Wilsonville 
runs summarized in Table 1. Two catalysts are represented: Shell 
324M NiMo/Al 0 and Amocat 1C NiMo/Al 0 . Two coals are 
represented:2 dyodak sub-bituminous aAd3111inois #6 bituminous. 
Four basic processing configurations are shown: Integrated Two- 
Stage Liquefaction (ITSL), Doubly Integrated Two-Stage 
Liquefaction (DITSL), Reconfigured Integrated Two-Stage 
Liquefaction (RITSL) and Close-Coupled Integrated Two-Stage 
Liquefaction (CCITSL). A more detailed description of these runs 
and process configurations can be found in reference (18) and in 
the Wilsonville run reports (19). 

are represented by the three product streams from the critical 
solvent deashing unit, (CSD). The first, called the ash 
concentrate stream, contains coal ash and "resid" (defined as a 
vacuum non-distillate at 650 F and 0.1 mm Hg). The second, called 
the "thermal resid" (TR) stream, typically consists of resid and 
less than 10% distillate solvent; the third, called the "light 
thermal resid" (LTR) stream, typically consists of resid and 20- 
30% distillate solvent. Because of chemical and/or physical 
fractionation in the CSD unit, the resids in these streams are 
different: in terms of average molecular weight, one could expect 
"ash concentrate resid" > "TR resid" > "LTR resid". The streams 
also differ in resid concentration. For a given resid input to the 
CSD, the "TR resid" and "LTR resid" typically constitute about 40-  
5 0 %  each of the total, while the "ash concentrate resid" is 
usually less than 10% of the total. Thus the model does not 

The important hydrotreater feedstream components in the model 
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i n c l u d e  a s e p a r a t e  p r o v i s i o n  f o r  "ash  c o n c e n t r a t e  r e s i d " ,  h u t  d o e s  
provide  f o r  e f f e c t s  a s s o c i a t e d  w i t h  t h e  presence  o r  absence of "TR 
r e s i d " ,  "LTR r e s i d " ,  and t h e  c o a l  a s h  i n  t h e  ash  c o n c e n t r a t e  
s t ream.  

C a t a l y s t  samples  i n  p r o c e s s  s o l v e n t  were sh ipped  from t h e  
W i l s o n v i l l e  p i l o t  p l a n t  t o  our l a b o r a t o r y .  THF-soluble m a t e r i a l  
was removed from t h e  c a t a l y s t s  u s i n g  a Soxhle t  e x t r a c t i o n  
a p p a r a t u s .  Res idua l  THF was desorbed  i n  a vacuum oven o v e r n i g h t  
a t  c a .  120 C .  D e t a i l s  o f  t h e  e l e m e n t a l  a n a l y s e s  can be found i n  
r e f e r e n c e  ( 2 0 ) .  The t o t a l  weight  of d e p o s i t e d  contaminants  (C,  
H ,  N ,  F e ,  T i ,  Na and t r a c e s  of Ca, V ,  K )  was between 1 0  and 1 5 %  i n  
a l l  cases. Data  a r e  Uncorrec ted  f o r  d i f f e r e n c e s  i n  weight  b a s i s .  

R e s u l t s  and Discuss ion  

Proposed Model 

The f o l l o w i n g  model, u t i l i z i n g  r e a c t i o n s  i n v o l v i n g  b a s i c  n i t r o g e n  
compounds, sodium, and a c i d  s i t e s ,  f i t s  v i r t u a l l y  a l l  of t h e  
W i l s o n v i l l e  c a t a l y s t  coking t r e n d s  f o r  runs 246 through 250: 

CH + LTR 

CH + TR 

CH + ANa 

BH + ANa a,Na 

d,Na 
p-z~" BNA + AH 

where LTR r e p r e s e n t s  n i t r o g e n  b a s e s  c o r r e l a t e d  w i t h  l i g h t  thermal  
r e s i d  ( O K  w i t h  d i s t i l l a t e  s o l v e n t ) ,  and TR r e p r e s e n t s  n i t r o g e n  
b a s e s  which c o r r e l a t e  w i t h  thermal  r e s i d .  CH r e p r e s e n t s  an a c i d  
s i t e  t h a t  may r e a c t  w i t h  e i t h e r  b a s i c  n i t r o g e n  o r  sodium, whi le  BH 
r e p r e s e n t s  a s i t e  t h a t  r e a c t s  w i t h  sodium a l o n e .  
sodium t h a t + i s  p r e s e n t  i n  some i o n i c  form i n  c o a l  a s h .  
and C ( T R H )  r e p r e s e n t  t h e  ac id-base  a d d u c t s ,  which a r e  d e s i g n a t e d  
chemisorbed b a s e s ,  and C N a  and BNA r e p r e s e n t  t h e  Na-exchanged a c i d  
s i t e s ,  which a r e  d e s i g n a t e d  chemisorbed Na. S i m p l i f y i n g  
assumpt ions  a r e  t h a t ,  on t h e  average ,  base molecules  c o n t a i n  only  
one n i t r o g e n  atom, and t h a t  s a t u r a t i o n  cor responds  t o  one n i t r o g e n  
atom p e r  a c i d  s i t e .  I t  is  a l s o  assumed t h a t  CNa and BNA a r e  not  
r e a c t i v e  towards n i t r o g e n  bases .  I n  t h i s  model, t h e  chemisorbed 
b a s e s  c o n t a i n  a s  much a s  1 0 0 %  of  t h e  carbon on t h e  c a t a l y s t  a t  a n y  
t ime.  The remainder  o f  t h e  carbon,  i f  p r e s e n t ,  i s  assumed t o  be 
p r e s e n t  as a n  e s s e n t i a l l y  c o n s t a n t  amount of non-ni t rogen-  
c o n t a i n i n g  process-der ived  coke. 

can  be w r i t t e n  f o r  combined Bronsted and Lewis a c i d i t y ,  O K  on ly  
Lewis a c i d i t y ,  w i t h  no l o s s  of a p p l i c a b i l i t y .  Of c o u r s e ,  t h e  

ANa r e p r e s e n t s ,  
C - ( L T R H )  

The model, a s  w r i t t e n ,  i s  f o r  Bronsted a c i d  s i t e s .  However i t  
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protonated nitrogen base must be held to the surface for Bronsted 
acidity to lead to carbon deposition by this model. Also, at this 
stage of development the model neglects condensation and/or 
hydrodenitrogenation (HDN) reactions of the chemisorbed nitrogen 
bases, since desorption of these bases is a key feature. The true 
coke formation mechanism is almost certainly more complicated than 
the model presented here. 

Catalyst Characterization 

and %Na determinations for Shell 324M catalyst in Wilsonville runs 
using a Wyodak sub-bituminous coal. The series shown (246-DITSL, 
246-ITSL and 249-RITSL) is especially interesting because a single 
catalyst charge was used for all three r u n s .  The entire catalyst 
lifetime is thus depicted from left to right in Figure 1. 

DITSL operation (LTR, no TR or ash) is characterized by 
essentially constant C and N levels during the operating period, 
and no Na accumulation. This represents a rapid saturation of 
acid sites by LTR-bases; the N level at saturation for this 
catalyst is about 0.1%. 

On switching to the ITSL mode (LTR and TR, no ash) C 
increases, N remains constant, and Na does not accumulate. In our 
model, this corresponds to a gradual exchange of LTR-bases with 
TR-bases. Assuming that a pseudo-saturated surface exists during 
the exchange period, this requires that TR bases have a higher 
average molecular weight than the LTR bases. This is certainly 
consistent with the resids contained in the LTR and TR streams. 
Stohl and Stephens (8) published C analyses for the last month of 
246-ITSL which clearly show the establishment o f  a new saturation 
level at ca. 10% C. This level, sketched in Figure 1, is 
consistent with the carbon level at the start of the 249-RITSL run 
period. 

Finally, in the RITSL period, C and N decrease while Na 
increases. In fact, N decreases to essentially zero while at the 
same time Na shows evidence of reaching a saturation level. In 
our model this is due to a gradual exchange of nitrogen poisoned 
acid sites with Na-poisoned sites. It is clear that coal ash is 
the source of Na deposited on the catalvst. 

Wyodak Coal, Shell 324M Catalyst. Figure 1 shows the %C, %N 

Illinois #6 Coal, Shell 324M Catalyst. Figure 2 shows the 
characterization data for Shell 324M catalysts when Illinois #6 
bituminous coal was used. Runs 248-DITSL and 248-ITSL represent a 
single batch of catalyst subjected to first DITSL, then ITSL, 
processing, but Run 247-RITSL was conducted with a separate 
catalyst batch. In this respect the data obtained with Illinois 
#6 coal feed are different than the Wyodak data in Figure 1. 

that for Wyodak coal with a saturation level of ca. 0 . 7 %  N and 8% 
C. On switching to the ITSL mode, the C level increases with no 
change in N or Na, again consistent with an exchange of LTR-base 
with TR-base at pseudosaturated conditions. It is, as before, not 
clear if the exchange with TR-base has gone to completion at the 
end of Run 248-ITSL. However, it is obvious that the TR-bases 
derived fron the Illinois #6 coal have a higher C/N ratio than TR- 
bases from the wyodak coal because the C levels in 248-1TSL are 
higher than in 246-ITSL. Assuming an average of one N atom per 
base molecule, the average molecular weight of the Illinois #6 TR- 

DITSL data for Illinois #6 coal are virtually identical to 
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bases is 50% to 100% greater than that of the Wyodak TR-bases. 
Run 247-RITSL data again show C and N decreasing as Na 

increases. In comparison to the wyodak coal (Run 249-RITSL) data, 
more C is desorbed per desorbed N, again indicating Illinois #6 
TR-bases have a higher average molecular weight than Wyodak TR- 
bases. Also, in comparison to Run 249, the N and Na levels at the 
end of Run 241 indicate that poisoning of acid sites had not 
reached completion when run 241 was terminated. 

Since this RITSL catalyst was not previously subjected to the 
DITSL-ITSL exchange, the initial levels of C and N must correspond 
to a rapid saturation at startup; however, this saturation was not 
with LTR-bases, as occurs in DITSL mode. Instead, saturation 
occurs with the higher average molecular weight TR-bases. In 
contrast to organic base exchange, which is probably desorption- 
limited, adsorption on unsaturated sites should be rapid at 
process temperatures, and the rapid saturation with N indicates 
this to be the case. Stohl and Stephens (5) have shown that the 
presulfided Shell 3241 catalyst will chemisorb N from a nitrogen- 
containing polycyclic aromatic coal liquid fraction rapidly enough 
to achieve saturation, reported by them to be 0 . 6 %  N, in two hours 
at 300 C. The initial C level in Run 247 shows reasonable 
agreement with the levels reached in 248-ITSL; this suggests the 
exchange of LTR and TR bases was near completion at the end of 

Illinois # 6  Coal, Amocat 1C Catalyst. The two periods of Run 
250-CCITSL shown in Figure 3 used Illinois # 6  coal and Amocat 1C 
NiMo/Al 0 catalyst. These two periods are 250-CCITSL-NAR (no ash 
recycle? 2nd 250-CCITSL-AR (ash recycle). 
separate hatches nf the A m ~ c i t  I C  c - t a l y s t .  Bsth batches i i i b i c a t e  
rapid initial saturation at ca. 12% C and 0.5% N, followed by a 
decrease in C and N levels and corresponding Na increase. The 
data taken in the ash-recycle period shows a more rapid increase 
in Na, and concurrent decrease in C, than the data for the no-ash- 
recycle period. This is most easily explained as a Na 
concentration effect, with the Na deposition rate increasing with 
sodium concentration in the reactor. The larger relative error in 
N determination makes the N trends less definite. 

Elemental Correlations. Figure 4 shows plots of N versus C, 
normalized to moles per g catalyst, for all samples used in this 
study. Two distinct data clusters are immediately obvious: DITSL- 
ITSL data and RITSL-CCITSL data. All of the DITSL-ITSL data show 
essentially constant N content while for RITSL-CCITSL samples a 
direct relationship between C and N exists. The slope of the C-N 
data suggests stoichiometries for the desorbing bases. Trends 
show that the desorbing material is mainly coal-dependent: it has 
an average stoichiometry of about C 4N for Wyodak sub-bituminous 
coal, and about C 
calculations are gdbject to the assumption that all of the net 
carbon loss is due to desorption of nitrogen bases. Also, the 
trends in the Amocat data are less well defined simply because the 
N-Na exchange is slower on this catalyst. Assuming that the 
initial coverage in all RITSL and CCITSL runs is essentially all 
TR base, then these average stoichiometries can be assigned to t h e  
TR bases. 

Average stoichiometries for the bases chemisorbed on the 
catalyst when LTR and distillate derived from from the Wyodak o r  
Illinois #6 coals can be calculated from 246-ITSL and 248-ITSL 

248-ITSL. 

They represent two 

N for Illinois # &  bituminous. These 
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data; in the model this represents exchanges from essentially 100% 
LTR coverage to 100% TR coverage. Assuming the LTR- and TR- 
saturation points indicated by the surrounding DITSL and RITSL 
data in Figures 1 and 2, and using the C N and C N 
stoichiometries calculated for the approb#iate TR28ases, we next 
calculate an average stoichiometry for LTR bases derived from both 
coals of about C N, with no strong dependence on coal type. This 
number is less cgrtain than the TR-base calculations as both TR- 
base numbers and the absolute %C numbers were required. 
Nevertheless, the numbers summarized in Table 3 represent our best 
estimate of  the average stoichiometries of the nitrogen bases 
required to fit the characterization data to our model. 

Figure 5 shows N plotted against Na, both in moles per g 
catalyst, for the RITSL and CCITSL data (DITSL and ITSL data show 
no Na uptake). The correlation here is good: all of the Shell 
324M data fall on one line, and all of the Amocat 1C data falls on 
another. This relationship should reflect characteristics of the 
acid site populations of the two catalysts. For Shell 324M 
catalyst, three Na atoms are chemisorbed for each N atom desorbed; 
for Amocat lC, two Na atoms are chemisorbed for each N atom 
desorbed. Assuming one N atom (or one Na atom) per CH site, and 
one Na atom per BH site, and assuming that all CH sites can react 
with Na (strongly suggested by the desorption of essentially all N 
in Run 249, for Shell 324 catalyst, but not strongly indicated for 
Amocat lC, for which complete desorption of N was not seen) then 
two BH sites exist for every CH site on the Shell 324M catalyst, 
and one BH site for every CH site on the Amocat catalyst. 

Laboratory Desorption of LTR-Bases 

compounds under coal liquefaction conditions. A laboratory 
experiment was performed recently in a 300 mL CSTR to duplicate 
the desorption of these bases indicated by the pilot plant data. 
A 100 g blend of various Wilsonville DITSL catalysts, still in the 
oil in which they were shipped, was placed in the reactor. THF 
was flowed over the catalyst bed at ca. 120 C until the oil was 
removed. This took approximately one week. Analysis of the 
catalyst at this point indicated about 0.45% N, which is somewhat 
lower than the saturation coverage of 0.7% N seen in the 
Wilsonville catalysts after THF Soxhlet extraction. As a separate 
check, a Wilsonville DITSL catalyst was Soxhlet extracted for 
almost 1000 hours and the %N level was found to remain constant. 
Temperature measurements indicated Soxhlet extraction occurs at 
about 65 C. It is possible that the CSTR extraction at 120 C 
causes bases to desorb that do not desorb in the Soxhlet 
apparatus . 
tetralin at about 6 ml/hr and the temperature was increased to 350 
C. H was supplied only in makeup amounts, 1.e. to enough to keep 
reactgr pressure at about 2000 psi. 
stirred during the experiment. The reactor was cooled, a n d  
samples taken, twice weekly for the next month. 

Results are shown in Figure 6. A significant loss of N, from 
0.45% to a relatively stable 0.15% did occur during the run 
(figure 6b). The average stoichiometry calculated for the 
desorbing compounds (figure 6c), was C30N, which is closer to TR- 

A key point in this model is the desorption of basic nitrogen 

After THF extraction in the CSTR, the feed was switched to 

The catalyst bed was gently 
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base stoichiometry (estimated from process exchange) than the LTR- 
base stoichiometry. One possible explanation for the discrepancy 
could be the formation of non-nitrogen-containing coke on acid 
sites concurrent with nitrogen base exchange. Evidence for this 
was seen near the end of the CSTR experiment (figure 6a). Since 
only %C was used to estimate the LTR-base stoichiometry from the 
DITSL-ITSL exchanges, the C8N figure could be low for this reason. 
A l s o ,  accumulation and loss of bases may be complicated than a 
simple adsorption/desorption process. A kinetic analysis of the 
nitrogen content based on a first-order desorption mechanism is 
shown in Figure 6d. The rate copstant for desorption of N in this 
experiment, k is 0.04 day , which is within a factor of four 
of rate const!hTg’calculated from the data for the spent catalysts 
from the Wilsonville runs. Thus the CSTR experiment is in 
qualitative agreement with the kinetic analysis of the spent 
Wilsonville catalyst data. Most importantly, the lab experiment 
confirms the reversibility of the N contained in the organic 
residue on the catalyst. 

Conclusion 

In this model, acid sites on the sulfided catalyst rapidly 
saturate with basic nitrogen compounds on start-up. These bases 
(called LTR-bases) are either in the LTR material, or in the 
distillate solvent. In turn these bases gradually exchange with 
nitrogen bases having a higher average molecular weight when the 
TR stream is introduced to the feed. This correlation does not 
necessarily imply any chemical difference in the two resids (LTR 
and Ti?), b u t  may simpiy reflect an increase in the relative 
concentrations of distillate solvent and resid. On introduction 
of coal ash, the nitrogen-containing compounds desorb, and sodium 
is adsorbed on the catalyst. Coal dependence is seen in the TR- 
bases,.with the Illinois #6 coal producing a higher average 
molecular weight deposit than the Wyodak coal; this is not seen 
for LTR-bases. Sodium adsorption demonstrates a catalyst 
dependence,indicating differences in acid site populations for the 
two Shell and Amocat catalysts. 

Reversibility of the chemisorption of nitrogen bases has been 
demonstrated in our laboratory. Future experiments will 
concentrate on other key features of the model, such as base 
exchange and sodium poisoning. 
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Table 1. 

Summary of Wilsonville Runs Correlated in This work 

- Run Coal Configuration Catalyst Comments 

246A wyodak DITSL Shell 324M NiMo 
- 

2468 wyodak ITSL Shell 324M NiMo Started with 
catalyst 
from end o f  
246A 

247 Illinois #6 RITSL Shell 324M NiMo 

2 4 8 ~  Illinois #6 DITSL Shell 324M NiMo 

248B Illinois #6 ITSL Shell 324M NiMo 

249 Wyodak RITSL Shell 324M NiMo Started with 
catalyst 
from end of 
246B 

250-11 Illinois #6 CCITSL AmocatR 1C NiMo N o  ash 

250-111 Illinois #6 CCITSL AmocatR 1C NiMo With ash 

recycle 

recycle 

Table 2. 

Hydrotreater Feed 

DITSL 

ITSL 

RITSL 

CCITSL 

TR LTR Coal Ash 
Present? Present? Present? 

No Yes NO 

Yes Yes NO 

Yes Yes Yes 

Yes Yes Yes 
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Table 3 .  

Best Estimate of Average Nitrogen Base Stoichiometry 
Required to Fit Our Model to Wilsonville Catalyst Data 

Coal LTR-Bases TR-Bases 

C8N '1 qN wyodak Sub-bituminous 

Illinois # 6  Bituminous 

CSTR Laboratory Study 
C8N C 2 2 N  

'30N 

Figure Captions 

Figure 1. Elemental analyses f o r  Shell 3 2 4 M  catalyst and wyodak 

Figure 2.  Elemental analyses for Shell 3 2 4 M  catalyst and Illinois 

Figure 3 .  Elemental analyses for Amocat 1C catalyst and Illinois 

Figure 4 .  C-N trends for all data. 

Figure 5. N-Na correlations for all data. 

Figure 6 .  Desorption of LTR-bases from Run 2 4 8  DITSL catalysts in 

sub-bi tuminous  c o a l .  

bituminous coal. 

bituminous coal. 

CSTR at 350"c. 
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Shell 324M Catalyst, Illinois #6 Coal 

248-DITSL 248-ITSL 247-RITSL 
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AmocaP 1C Catalyst, Illinois #6 Coal 

Run 250, CCITSL Run 250, CCITSL 
No Ash Recvcle Ash Recvcle 
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ANOMALOUSLY HIGH FLAMMABILITY OF LOW VOLATILITY FUELS 
DUE TO ANOMALOUSSV LOW IGNITION TEMPERATURES. 

Joseph L. Walker, William W. Bannister, 
CAPT Edward T. Morehouse, WAF, and Robert E. Tapscott 

Fire Technology Branch, AFESC, Tyndall AFB, FL 3 2 4 0 3  

Fuel flammability is usually predicated on flash points, resulting from 
exposure of fuel to flame. Low molecular weight (high volatility) 
fuels have lower flash points and thus are judged more flammable than 
low volatility fuels. A startling reversed relationship has been shown 
to exist, however, for lower members of the alkane series, between 
molecular weight and ignition temperature (IT), occasioned by contact 
with hot surfaces: up to a point, less volatile hiqher molecular weight 
fuels have lower IT'S and are more easily ignited when exposed to hot 
surfaces. For higher members of the alkane family this trend reverses, 
resulting in minimum IT'S for the C5 - C9 alkanes. Branched chain 
alkanes, arenes and olefins also have anomalously hiqh IT's. Free 
radical effects are unimportant amonq factors influencing ignition 
temperature; ionic effects may be important, as is the case for fires 
involving active metal, phosphorus, thermite and similar inorganic 
incendiary agents. This may be useful in fuel selection, if fires are 
anticipated to result from contact with hot metal surfaces, as in 
aircraft crashes, fuel spills on hot engine surfaces, or similar 
effects, instead of bv contact with flame. Molecular modellin9 
considerations will be discussed to explain the anomalous trends. 

I. Ignition Temperatures (2). 
Ignition temperature is a poorly understood fuel characteristic which 
has received little previous attention. This is despite the fact that 
ignition temperature may arguably be the single most important fuel 
characteristic in terms of catastrophic ignition by gunfire, aircraft 
crashes, fuel spills on hot engine surfaces, and other instances of 
obvious military (and commercial) aviation interest. From the 
standpoint of fire prevention, and in particular design of practical 
jet fuels capable of resisting iqnition from such effects while 
fulfilling normal operational combustion performance requirements, it 
is suggested that IT's should be given an in depth examination. 

Fuel iqnition can be initiated DY either of two effects: contact of the 
fuel with a flame, or with a hot surface. For ignition by flame 
contact, the important fuel characteristic is the flash point (FP); for 
ignition from a hot surface, ignition temperature is important. 

Flash points are routinely measured by heatinq a sample of thd+quid 
in either a closed or open cup assemblv, with a small flame continually 
passed over the surface of the liquid. The flash point is the lowest 
temperature at which the fuel vapors ignite with propagation of the 
flame beyond the source of ignition. Since it is principally a measure 
of fuel volatility, flash point is most associated with the molecular 
weight of the fuel component within a given chemical family. 

IT measurements are not as precise. Typically, fuel is directed onto a 
hot surface at a given temperature, and allowed to heat for up to ten 
minutes. (1) The IT is the lowest temperature at which a flame occurs 
(in some cases, exothermic decompositions not necessarily accompanied 
by a flame). Often the flammable liquid decompose to other 
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materials during the heating period. Thus, ignition temperature may 
not really be a characteristic of the original material, but rather of 
its decomposition products. In addition to rate and duration of 
heating, other variables also affect IT measurements: shape and size of 
the test chamber, air concentration, nature of the heated surface 
(including catalytic effects), and temperature of the surface. 
Therefore, IT measurements are frequently only poorly reproducible: 
ignition temperature data for a compound, taken by different 
individuals, can have very greatly differing values. ( 2 )  

11. Free Radical Fire Effects, and the Fire Tetrahedron. ( 3 )  

Until twenty years ago, there were three important requirements known 
for a fire -- fuel, oxygen, and heat. These were commonly considered 
as components of the "fire triangle", the removal of any one being 
sufficient to extinguish a fire, and the presence of all three required 
for fire initiation and propagation. As free radicals became more 
understood, the "fire triangle" was expanded to the "fire tetrahedron". 

Free radicals are non-ionic high energy intermediates which form easily 
in high temperature reactions. Fire growth involves an avalanching 
oxidative propagation of free radicals in vaporized fuel-air mixtures: 
one free radical creates several others, and with descendent free 
radicals forming in profusion in a continuinq and proliferating 
propagation throughout the fuel-air mixture. 

Today, therefore, fires are characterized by the "fire tetrahedron" 
(fuel, heat, air, and the presence of propagating free radicals). 

For ignition of fuels by contact with flame, in which flash points have 
most meaning, free radical events are entirely operational. In such 
fires, the'flame ignition source actually is a free radical plasma, 
from which high energy free radicals are transferred to fuel vaporized 
by heat of the flame. Situations which promote free radical formation 
are conducive to ignition of the fuel under these conditions; and 
agents such as the Halons which quench free radical formation are thus 
optimum fire extinguishing agents for such fires. 

111. Ionic Fire Effects: A Return to the Fire Triangle? 

This discussion will attempt to point out that not all fires should be 
characterized by the "fire tetrahedron". In fact, many fires of 
military and commercial importance may best be characterized by the 
"fire triangle", with free radicals being totally unimportant. 

Thus, fires arising from ignition of magnesium, titanium, and other 
active metals would best be described as involvinq ionic (not free 
radical) effects in both initiation and growth of the fire. 

- e.g., Mgo + 1 / 2  O2 -----> Mg++ O= 1) 

"Ionic fires" can perhaps best be differentiated from free radical 
fires in terms of the ionic pathways and products of the ionic 
reactions, with no role of free radical propagating intermediates. The 
"flame" of an ionic fire is a plasma of incandescent ions, lacking in 
free radical components. 

Phosphorus, thermite and other inorganic or pyrotechnic fires also 
would appear to be ionic and not free radical in nature. For ignition 
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o f  o t h e r  c o m b u s t i b l e s  by a c t i v e  metal o r  o t h e r  i n o r g a n i c  i n c e n d i a r i e s ,  
i t  is  now s u g g e s t e d  t h a t  t h e  mode o f  such i q n i t i o n s  may b e  t h a t  o f  
c o n t a c t  w i t h  5 h o t  s u r f a c e  r a t h e r  t h a n  & c o n t a c t  w i t h  a flame. 

-- 
--- ~ - - - - -  -- 
Along t h e s e  l i n e s ,  Halons which quench f r e e  r a d i c a l s  and t h u s  p r e v e n t  
p ropaga t ion  of " f r e e  r a d i c a l "  t y p e s  o f  f i r e s  are comple t e ly  i n e f f e c t i v e  
a g a i n s t  a c t i v e  metal " i o n i c "  t y p e s  o f  f i r e s .  

I V .  P o s s i b l e  I o n i c  E f f e c t s  i n  I g n i t i o n  Temperature C o r r e l a t i o n s .  

For f i r e s  r e s u l t i n g  from i g n i t i o n  by c o n t a c t  o f  t h e  f u e l  w i t h  h o t  
s u r f a c e s ,  t h i s  d i s c u s s i o n  w i l l  a t t e m p t  t o  demons t r a t e  t h a t  wh i l e  f r e e  
r a d i c a l s  are c e r t a i n l y  formed due t o  ene rgy  t r a n s f e r  and r e s u l t i n g  bond 
breakages,  t h e  i n i t i a t i n g  e v e n t s  a r e  n o t  f r e e  r a d i c a l  i n  n a t u r e .  I n  
a c t u a l i t y ,  t h o s e  f u e l s  which would appea r  t o  b e  most s u s c e p t i b l e  t o  
f r e e  r a d i c a l  fo rma t ion  o f t e n  are among t h e  most r e s i s t a n t  t o  i g n i t i o n  
by c o n t a c t  w i t h  h o t  s u r f a c e s !  Thus, o l e f i n s  and a l k y l - s u b s t i t u t e d  
benzenes a r e  f a r  m o r e  s u s c e p t i b l e  t o  f r e e  r a d i c a l  s u b s t i t u t i o n  than  a r e  
a l k a n e s ,  due t o  r e sonance  s t a b i l i z a t i o n  o f  t h e  r e s u l t i n g  f r e e  r a d i c a l  
i n t e r m e d i a t e s .  ( 4 )  On t h e  o t h e r  hand, when comparing o l e f i n s  and 
a r e n e s  w i t h  a l k a n e s  of  s imi l a r  v o l a t i l i t y ,  t h e  o l e f i n s  and a r e n e s  
f r e q u e n t l y  have h i g h e r  i g n i t i o n  t empera tu res .  Branched c h a i n  a l k a n e s  
a l s o  undergo f r e e  r a d i c a l  r e a c t i o n s  more r e a d i l y  t h a n  s t r a i g h t  cha in  
a l k a n e s ,  b u t  have h i g h e r  I T ' S ;  and cyc lopen tanes  a r e  more r e a c t i v e  t o  
f r e e  r a d i c a l s  t h a n  a r e  cyclohexanes,  b u t  a g a i n  t h e  cyc lopen tanes  have 
h i g h e r  I T ' S  (4,s) R e p r e s e n t a t i v e  d a t a  i s  shown i n  Tab le  I. 

Table  L. I g n i t i o n  Temperatures  ( I T )  and Bo i l ing  P o i n t s  (BP),  
i n  OF, f o r  Alkanes,  O l e f i n s  and Arenes.  ( 2 , 6 , 7 )  

Arene BP I T  - -  - RP I T  Alkane 

butane 31 826 1-butene 2 1  829 

- -  BP O l e f i n  - 

m e  t h y 1  - 
cyclohexane 214 545  

met hy 1 - 
cyc lopen tane  '6' 624 

Toluene 2 3 2  1026 

o c t a n e  257 4 2 8  

2 , 2 , 4 -  
t r i m e t h y l -  211 784 
pentane 

I n  F igu re  1, moreover, t h e r e  i s  an  anomalous d e c r e a s e  i n  i g n i t i o n  
t empera tu re  o f  a l k a n e s  w i t h  i n c r e a s i n g  molecu la r  w e i g h t ,  f o r  t h e  r a n g e  
of a lkanes  from methane (C ) t h rough  o c t a n e  ( C 8 ) .  P r e c i s e  d a t a  i s  n o t  
p r e v a l e n t  f o r  t h e  h i g h e r  a l k a n e s .  
t r a c k  o f  t h e  I T  v a l u e s  f o r  t h e  v a r i o u s  a l k a n e s ,  one p o s s i b i l i t y  
c e r t a i n l y  l i es  i n  a n  a svmpto t i c  sweep a lonq  a 400° I T  i s o t h e r m ,  f o r  
a l k a n e s  beyond C8. 
p o s s i b l e  the rma l  c r a c k i n g  may occur  a t  t h i s  t empera tu re  if t h e  
hydrmarbon  i s  p e r m i t t e d  to l i n g e r  a t  t h e  hea ted  s u r f a c e  f o r  up t o  t e n  
minu tes ,  i n  acco rdance  w i t h  t h e  ASTM o p e r a t i n g  p rocedures  f o r  t h i s  
d e t e r m i n a t i o n .  (1) Thus, a l k a n e s  l a r g e r  t h a n  nonane cou ld  conce ivab ly  
have h i g h e r  i g n i t i o n  t empera tu res ;  b u t  by undergoing slow p v r o l y s i s  a t  
400' F,  some a l k a n e s  i n  t h e  minimum I T  r e g i o n  c h a r a c e r i s t i c  o f  C5 - Cg 
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would form, with these igniting at this spuriously low temperature. 

There is indeed some evidence for a possible increase in IT'S for the 
higher alkanes; i.e., a minimum zone of IT'S may exist for alkanes in 
the region of pentane through nonane (C5 - C9). 
Figure 1 as the upper projected track for the alkanes beyond Cg. 
It is obvious that either track could actually pertain, and that 
currently available data is insufficient and good values are probably 
poorly available with existing equipment and technique. 

If this mimimum zone for ignition temperatures indeed exists, the 
hexane through decane range of alkane would appear to represent the 
most dangerous species in jet fuel formulations: these alkanes have 
unsuitably low flash points ignition temperatures. In terms of 
ignition from hot surfaces, these would be highly prone to enflame due 
to the low ingition temperatures, and then would promote uncontrollable 
proliferation of the fire because of the low flash points. 

Experimental evidence is too sparce to f u l l y  support an ionic event 
for typical hot surface ignitions. However, it has previously been 
demonstrated that the nature of the hot surface can have significant 
effects on ignition temperatures. Thus, benzene exhibits quite higher 
ignition temperatures in iron containers than in quartz, and even 
higher in zinc. ( 2 )  As will be discussed below, this may be most 
consistent with the relative emissivities of these materials. However, 
silica (quartz) can be acidic; and ferric oxide is significantly more 
acidic than zinc oxide. Thus, there may be cationic catalysis provided 
b an acidic surface, which can serve to greatly favor bond ruptures in 
afkanes. ( 4 )  Cationic and emissivity effects mav he of importance 
with regard to incorporation of metals or coatings *or aircraft parts 
which may be anticipated to be most likely to come into contact with 
fuel leaks in combat gunfire or in controlled crash situations. 

This is shown in 

V. Surface Emissivity Effects. 

Emissivity is the energy radiated from a unit area of a surface, in a 
unit of time. This is greatly dependent on the nature of the surface: 
for example, rough surfaces are more emissive than smooth surfaces. 
With regard to the decreasing ignition temperatures noted above, with 
zinc surfaces influencing a higher IT for benzene than iron, and quartz 
surfaces providing the coolest IT of all three, this is consistent with 
the relative trend of increasing emissivities: quartz is a more 
efficient heating surface than smooth unoxidized iron or zinc. 

VI. Molecular Effects Which May Influence Ignition Temperatures. 

Fuel component characteristics have been identified as having possible 
impact on the ignition temperatures are described below. None of these 

any way to be associated with free radical effects. -- appear in 

1. Molecular weight, and speed and inertia effects. 

Since the anomalous decrease of ignition temperatures with increasing 
molecular weight is observed only from methane through nonane, other 
effects in the alkanes must offset any role of molecular weight in 
reducing ignition temperatures. Molecular weights are inversely 
proportional to molecular velocities, however, as shown in Figure 2 .  
Since the heavier molecules have lower velocities, there is an 
increased residence time for these in the vicinity of a hot surface, 
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w i t h  i n c r e a s e d  t i m e  f o r  ene rgy  t r a n s f e r  t o  t h e  molecule .  Heavier  
molecu le s  a l so  have  g r e a t e r  i n e r t i a  and t h u s  less a b i l i t y  t o  move away 
from a h o t  s u r f a c e  t h a n  would a l i g h t e r  molecule .  

2 .  Molecular  r i g i d i t y .  

T h i s  a p p e a r s  t o  be  a v e r y  impor t an t  e f f e c t ,  n o t  on ly  i n  t h e  s t r a i g h t  
c h a i n  a l k a n e  f a m i l y ,  b u t  even more so f o r  branched c h a i n  a l k a n e s ,  
c y c l o a l k a n e s ,  o l e f i n s  and a romat i c s .  A s  s t a t e d  p r e v i o u s l y ,  t h e s e  
s p e c i e s  are p a r t i c u l a r l y  s u s c e p t i b l e  t o  f r e e  r a d i c a l  r e a c t i o n  systems: 
b u t  s u r p r i s i n g l y ,  t h e s e  are  f r e q u e n t l y  ve ry  c o n s i d e r a b l y  more s t a b l e  
t h a n  a r e  t h e  a l k a n e  a n a l o g s ,  w i t h  r e g a r d  t o  i g n i t i o n  by f u e l  c o n t a c t  
w i t h  h o t  s u r f a c e s .  Examinat ions o f  molecu la r  models r e v e a l  t h a t ,  
compared t o  t h e  s t r a i g h t  c h a i n  a l k a n e s ,  a l l  t h e s e  o t h e r  s p e c i e s  are 
v e r y  c o n s i d e r a b l y  more r i g i d ,  w i t h  ve ry  c o n s i d e r a b l y  reduced r o t a t i o n a l  
d e g r e e s  of freedom w i t h i n  t h e  molecular s t r u c t u r e s .  Th i s  would then  
impart  a pronounced d e c r e a s e  i n  " f l o p p i n e s s "  o f  t h e  molecule  i n  i t s  
impact w i t h  a h o t  s u r f a c e ,  a l l o w i n g  t h e  more r i g i d  s t r u c t u r e  t o  rebound 
r e a d i l y  and r a p i d l y ,  w i t h  co r re spond ing ly  c o n s i d e r a b l y  reduced 
r e s i d e n c e  t i m e s  i n  t h e  v i c i n i t y  of  t h e  h o t  s u r f a c e ,  and c o n s i d e r a b l y  
reduced ene rgy  t r a n s f e r  from t h e  s u r f a c e  t o  t h e  f u e l  molecule .  

T h i s  e f f e c t  may be  o f  impor t ance  i n  d e s i g n  o f  new f u e l  composi t ions:  
o l e f i n i c ,  branched c h a i n ,  c y c l i c  (nap then ic )  and a romat i c  m o e i t i e s  
would i m p a r t  h i g h e r  i g n i t i o n  t empera tu re  c h a r a c t e r i s t i c s .  

3 .  S p e c i f i c  m o l e c u l a r  heat. 
For t h e  s m a l l e r  mo lecu le s ,  a p p a r e n t l y ,  f a c t o r s  o f  r e l a t i v e  speed and 
relative r i g i d i t y  are overpoweringly impor t an t .  Within t h e  lower range 
o f  t h e  a l k a n e s ,  e a c h  a d d i t i o n  o f  a methylene u n i t  i m p a r t s  a s i g n i f i c a n t  
i n c r e a s e  i n  m o l e c u l a r  we igh t  and i n  i n t e r n a l  d e g r e e s  o f  r o t a t i o n a l  
freedom. I n  go ing  from e t h a n e  t o  propane,  f o r  example,  t h e r e  i s  a 1 7 %  
d e c r e a s e  i n  speed  a t  1000° F; whereas decane i s  on ly  5% s lower  than  
nonane a t  t h i s  t e m p e r a t u r e .  I n t e r n a l  r o t a t i o n a l  deg rees  o f  freedom are  
even more c o n s i d e r a b l y  enhanced f o r  propane,  which i s  v e r y  f l e x i b l e  
compared w i t h  e t h a n e ,  which i s  remarkably r i g i d :  b u t  decane and nonane 
have ve ry  l i t t l e  d i f f e r e n c e  i n  "mushiness" due t o  t h i s  e f f e c t .  Thus,  
d e c r e a s e d  speed  and r i g i d i t y  e f f e c t s  a r i s i n g  from i n c r e a s e d  molecu la r  
weight  a r e  ve ry  much less i m p o r t a n t  f o r  t h e  h i g h e r  a l k a n e s .  

Moreover, h i g h e r  a l k a n e s  b e g i n  t o  en joy  the b e n e f i t  of i n c r e a s e d  
"molecular  s p e c i f i c  h e a t " .  When lower a l k a n e s  such as e t h a n e  o r  
propane are e n e r g i z e d  by r a d i a t i o n a l  h e a t ,  a l l  atoms o f  t h e  sma l l  
m o l e c u l e  are f a i r l y  e q u a l l y  i r r a d i a t e d .  For  s i g n i f i c a n t l y  l a r g e r  
molecules, some atoms w i l l  be  i n  t h e  shadow o f  o t h e r s .  The h o t t e r  
s u r f a c e  atoms can  t h e n  t r a n s f e r  some o f  t h e i r  i n c r e a s e d  e n e r g i e s  t o  t h e  
c o o l e r  i n t e r n a l  atoms. Thus,  a h i g h e r  i g n i t i o n  t empera tu re  w i l l  be  
r e q u i r e d  t o  a t t a i n  decomposi t ion e n e r g i e s  f o r  a molecule  l a r g e  enough 
t o  p rov ide  shadowing by some o f  i ts  atoms t o  o t h e r  ne ighbor ing  atoms. 

Thus,  t h e  anomalous h igh  i g n i t i o n  t empera tu res  f o r  h i g h e r  a l k a n e s  s e e n  
i n  F igu re  1 may a c t u a l l y  r e p r e s e n t  v a l i d  I T ' S :  and t h e  lower p o i n t s  
c o n s t i t u t i n g  t h e  a s y m p t o t i c  sweep a t  t h e  400° i s o t h e r m  f o r  t h e s e  h i g h e r  
a l k a n e s  may p rove  t o  be  u n r e a l i s t i c a l l y  l o w .  

V I I .  Recommendations for  an  I T  D i f f e r e n t i a l  Scanning Ca lo r ime te r .  

If more r ea l i s t i c  I T  d e t e r m i n a t i o n s  had lower t i m e  r equ i r emen t s  
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(perhaps a second instead of ten minutes), IT values for fuel 
components would probably be considerably increased. Modification of a 
conventional differential scanning calorimeter (DSC) could provide a 
convenient and accurate determination. Minute samples of the fuel 
components could be periodically injected, at higher and higher 
temperatures, until a sudden exotherm signal is attained. The first 
derivative appearance of the IT point with this scheme may make for a 
more reproducible determination. Automatic injection devices, coupled 
with automatic temperature controlling, should provide rapid and easy 
injections with minimum attention requirements for the determination.) 

VIII. Fuel Design for Fire Prevention. 

It may be possible to design fuels meeting operational combustion 
requirements, (i.e., burning satisfactorily when ignited with a flame), 
at the same time providing maximum resistance to ignition on contact 
with a hot surface (as in aircraft crashes, leakage of fuel onto hot 
engine surfaces, and similar situations). From the foregoing 
preliminary considerations, attention could be given to elimination of 
alkane content in the region C - Clo), since these components may be 
in the minimum zone of IT'S an2 also suffer from unduly low flash 
points. This cut could be catalytically dehydrogenated to olefinic or 
aromatic stocks, or catalytically rearranged to branched chain isomers 
or cyclolalkane analogs. It could also be alkylated with isobutylene 
to provide higher molecular weight and branched chain character. All 
of these should result in higher ignition temperatures, lower vapor 
pressure, increased density, and decreased viscosity effects, which 
should prove desirable from the standpoint of fuel characteristics. 
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Figure  2 .  Molecular  C h a r a c t e r i s t i c s  A f f e c t i n g  I g n i t i o n  Temperatures.  

T y p i c a l  JP-8 component (A): T y p i c a l  JP-4  component (B) : 

i s  c o o l e r  t h a n  t h e  sma l l  molecule .  T h i s  e f f e c t  i s  more pronounced 
w i t h  i n c r e a s e d  molecu la r  we igh t s  (and volumes) .  I n  t h i s  c a s e  
A (dodecane) needs more h e a t  (with a h i g h e r  i g n i t i o n  t empera tu re )  
t o  e n e r g i z e  it t o  its decomposi t ion p o i n t  t h a n  does B ( o c t a n e ) .  
For  smaller molecules  (g.q., comparing hexane [C6] and propane 
IC,]) ,  t h i s  o f f s e t t i n g  f a c t o r  o f  i n c r e a s e d  molecular  s p e c i f i c  h e a t s  
i s  n o t  a s  impor t an t  as t h e  molecular  speed  and r i g i d i t y  e f f e c t s :  i n  
such c a s e s  t h e  h e a v i e r  molecule  has  t h e  lower i g n i t i o n  t empera tu re .  

I 
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HOT SURFACE 

[ (l), (2), ( 3 )  . . . ( 8 1 ,  ( 9 )  above i n d i c a t e  p o s i t i o n s  o f  molecules  A 
and B a t  same t i m e  i n t e r v a l s ,  r e l a t i v e  t o  h o t  s u r f a c e  a r e a . ]  
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ABSTRACT 

Tin " t i t a n a t e "  c a t a l y s t s  wore p repa red  by .ion exchange of sodi.um 
hydrous " t i t a n a t e "  N a T i z O s H  s u p p o r t  i n  aqueous sci1ut.inns of 
SnClz- 2Hz0, and t e s t e d  a s  c a t a l y s t s  f o r  coprcicessing of subbi tuminous 
c o a l s  and heavy o i l s .  The catalysts w e r e  c h a r a c t e r i z e d  s t  each s t a g e  
of  prepara- t ion and u s e .  i . e .  b e f o r e  and a f t e r  i o n i c  exchange,  a f t e r  
c a l c i n a t i o n  and a f t e r  u s e ,  u s i n g  X-ray powder d i f f r a c t i o n .  l l s S n  
Mossbauer spec-trosrmpy and scann ing  e l e c t r o n  microscopy.  The samples  
are m i c r o c r y s t a l l i n e  ( 3 0  - 300 A part ic le  d i a m e t e r ) .  Most of t h e  t i n  
i s  i n  the  s t .annic  form. The SnOz and T i O z  polymorphs f r u t i l e ,  
a n a t a s e )  p r e s e n t  i n  t h e  catalysts are s t a b l e  d u r i n g  c o p r o c e s s i n g .  A 
Til-xSna0z r u t i l e - t y p e  s o l i d  s o l u t i o n .  found i n  some c a l c i n e d  
c a t a l y s t s .  decomposes d u r i n g  c o p r o c e s s i n g .  w i th  r e d u c t i o n  of t i n ( 1 V )  
t o  t i n f I I )  f o l l o w e d  by s u l f i d a t i o n  t o  SnS. T h i s  decomposi t ion a l s o  
l e a d s  t o  f o r m a t i o n  of T i O z  a n a t a s e .  

INTRODUCTION 

The large d e p o s i t s  of coal and heavy oil. i n  Western Canada have 
prompted e x t e n s i v e  r e s e a r c h  on coprocess i r ig  at  CANMET (1 - .6 l .  
Hydrogenation of coal i n  the p resence  of bitumen or heavy o i l  of 
petroleum o r i g i n  y i e l d s  b e t t e r  c o n v e r s i o n s  and h i g h e r  qua1it.y l i q u i d s  
i f  ca ta lys t s  a r e  added t o  the l i q u i d  s l u r r y  ( 7 ) .  IZecant,ly, Lhe 
Sandia  N a t i o n a l  L a b o r a t o r i e s  of  t h e  US Department: of Energy developed 
new c a t a l y s t  s u p p o r t s  f o r  c o a l  hydrogenat ion u t i l i z i n g  metal- 
exchanged hydrous t i  t a n a t s s  f 8 . 9 ) .  

A s  i n t e r e s t i n g  r e s u l t s  have been obtai .ned u s i n g  t , j  11 oataLysCs 
f o r  h y d r o l i q u e f a c t i o n  of c o a l  ( 1 0 - 1 3 ) -  new t i n  c a t a l y s t s  on hydrous 
" t i t a n a t e " z  s u p p o r t s  w e r e  p repa red  and tested a t  CANMET for oopro- 
c e s s i n g  of heavy o i l  and c o a l  ( 5 ) .  The p r e s e n t  s t u d y  r e p v r t s  t h e  
c h a r a c t e r i z a t i o n  of the c a t a l y s t s  by elect , ron microscopy.  X-ray 
powder d i f f r a c t i o n  and 119Sn Mossbauer spec t roscopy  ( 1 5 ) .  The 
s t r u c t u r e  and t e x t u r e  of t h e  c a t a l y s t s  are d i s c u s s e d  as a f u n c t i o n  of 
t h e  method of  p r e p a r a t i o n ,  and t h e i r  e f f e c t  on t h e  c a t a l y s t s  behav io r  
i s  examined. 

1 Author t o  whom a l l  co r re spondence  should be a d d r e s s e d .  
2 Although no s t r u c t u r a l  d a t a  s u g g e s t  t ha t  d i s c r e t e  t i t a n a t e  i o n s  

a r e  p r e s e n t  i n  t h e  c a t a l y s t s ,  w e  u s e  the name " t i L a n a t e s " .  a s  d o  
Dosch, S t e p h e n s ,  and S t o h l  ( 8 . 9 )  The name " t i t a n a t e s "  f o r  t h e s e  
tYPe of compounds i s  a l s o  used i n  w e l l  known i n o r g a n i c  chemis t ry  
t ex tbooks  ( 14 ) . 
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EXPERIMENTAL SECTION 

P r e P a r a t i o n s f -~Gmsfs 
Metal-exchanged hydrous " t i t a n n t e s "  (MEHT ) wore, prwpijre:d 

accord ing  t,o Dosch, S t e p h e n s ,  and St ,ohl  ( 8 , 9  . R e a c t  i ciri  of 
t i t a n i u m (  1 V )  2-propoxide,  Ti [OCN(CHs ) a  3 4  w i t h  a solut..ivn 1j.f sodium 
hydroxide i n  met l~anol  produces a s o l u h l e  i n t e r m e d i a t e .  which y i e l d s  
sodium hydrous " t i t a n a t e "  p r e c i p i t a t , e .  NaTizOs t I ,  up< 
mix tu re  of  1 0  w t  X wat.er i n  a c e t o n e .  The prw2ipi t .a  
wa te r  arid a c e t o n e .  and then  d r i e d  uridor vac:uum, y i e l d i t t g  hydr i~ i i s  
t i t a n a t e  s u p p o r t .  i n  t h e  f o r m  of  a wh i t e  f l u f f y  powder. Then. the 
support .  i s  loaded w i t h  t i n  i n  arl aquecms s o l u t i o n  i>f s t a n n o u s  
c h l o r i d e  d ihydra t . e ,  SnClz. 2Mi0, washed wi th  w a t e r  and ace tvna  and 
d r i e d  unde r  vaouiim overni .ght .  Before hydroprccess i  rig t e s t a s ,  t h e  
t i t a n a t e  c a t a l y s t s  a r e  c a l c i n e d  i n  a i r  a t  400  "C f o r  2 h o u r s .  
A n a l y t i c a l  r e s u l t s  f o r  t h e  m e t a l s ,  o b t a i n e d  by neu t ron  a c t i v a t . i o n .  
are shown i n  TABLE I .  The samples c o n t a i n  much more t i t a n i u m  than 
t i n  o r  sodium. The r a t i o  of i o n i c  exchange of N a  b y  Sn is  7 0  % for 
MB-586 and 4 6  X f o r  MB-599. 

T A B U  -1. 
Metal Content, of the  C a t a l y s t s  

Weight X A t o m i  c: Rat. ios 

Cat a1 y sta T i  Sn Na Ti/Sn Na/Sri Nn/Ti 

MU-586 

MR-599 

n c  4 1 . 8 8  1 .1 .44  - 9 . 1 0  
c: 4 3 . 2 0  1 2 ,  '70 1 . 0 8  8 . 4 3  i l .  44  0 . 0 5 
11 1.56 

nc 
c 3 6 .  50 1 .6 .80  3 . 86 !I . 3 8 1 . 1 4  1 - 1 .  2 2  

- - - 

- 2 . 6 4  - 

a :  nc = ncrn-oalcined,  c: : c a l c i n e d .  M = used. 

ac- 'aEz!&nku 8 5  
The t e x t u r e  o f  t.he c a t a l y s t s  and t h e  par t ic les  shape a n i l  s i z e  

w e r e  s t u d i e d  by scann ing  e l e c t r o n  microscopy (SEM) , which w a s  
performed u s i n g  a Hi t a c h i  5-520 in s t rumen t  wit..h t h e  f i l a m e n t  e n e r -  
g i z e d  a t  15 kV. The samples were d r i e d  a t  1 2 0  " C  o v e r n i g h t  t.o remove 
adsorbed w a t e r .  s t o r e d  i n  a dessicator and t h e n  ~,oI .d  coa led .  

X.-ray powder d i f f r a c t i . o n  (XRD), performed on il P i c k e r  X-ray 
/X-ray f 1 uorescence spectrometer dual i n s t r u m e n t ,  u s i n E  
d K, r a d i a t i o n  of Cu X b C u  := 1 . 5 4 1 7 8  A ) .  prov ided  

informati .on on t h e  c r y s t a L l i n e  phases  p r e s e n t  i n  t h o  c : a t a lys t .  namely 
t h e i r  i d e n t i f i c a t i o n  and c r y s t a l l i n e  form.  and t h e  c r y s t a l l i t e  s i r s .  

I d e n t i f i c a t , i o n  of t h e  t i n  s p e c i e s  and t h e  dag ree  n f  ~ : ~ x j d a I . i i ~ ~ i  IJC 
t i n  i n  t h e  c a t a l y s t s  w e r e  o b t a i n e d  by  Mossbauer spec t rosc i .~yy ,  u s i n g  
t h e  8.58 b n a t u r a l  abundance of the 1.19 Sn p robe .  The: 2 3 , 8 7 5  keV 
MiSssbauer $--ray w a s  o b t a i n e d  u s i n g  a 15 m C i  CallYlnSn03 8011 
chased f r o m  Amersham. A 0. 1 mm t h i c k  t'd f o i l  was used to  
2 5 . 0 4  and 2 5 . 2 7  l r e V  X-ray lines. T h e  d e t e c t o r  was a H a r s l i a w  Na('I'1)I 
s c i n t i l l a t i o n  c o u n t e r  o p e r a t i n g  at, 900 V.  Based o n  the artalytAaa1 
d a t a  of TABLE 1. t h e  appropr i a t , e  amount of sample c o n t a i n i n g  1 0  nig 
S n . c m 2  w e r e  enc losed  i n  a t e f l o n  h o l d e r  w i th  a thin windc.)w and t.i$ht 
f i t t i n e  cap. Both s o u r c e  and a b s o r b e r  ( s a m p l e )  were main ta ined  a t  
ambient t e m p e r a t u r e  f o r  t h e  measurements. The Doppler vc31 c x i t y  w a s  
provided by an E I s c i n t  d r i v i n g  sys t em,  i n c l u d i n g  a MVT-4 v e l o c i t y  
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transducer. a MFG-N-5 function generator and a MDF-N-5 driver 
generator, located on a vibration-free table, and operating in the 
triangular mode in the velocity range -8.5 mm.s-1 to +8.5 mm.s-1. 
The signal was fed to a Tracor Northern 7200 multichannel analyzer 
operating in the multiscaling mode. After accumulation of 500,000 to 
1,000,000 counts per channel, data acquisition was stopped and the 
data were stored on a diskette. The Doppler velocity was calibrated 
using CaSnOs and U-SnFz standard absorbers. Computer fitting was 
performed on a CDC Cyber 835 main-frame computer using GMFP5 (16), a 
revised version of the General Mossbauer-Fitting Program (GMFP) of 
Ruebenbauer and Birchall (17). All chemical isomer shifts are 
referenced relative to CaSnOs at room temperature as zero shift. 

RESULTS AND DISCUSSION 

OSCODY 
FIGURE 1 shows SEM micrographs of the hydrous titanate support 

(FIGURE: la), the MB-586 catalyst before (FIGURE lb) and after 
calcination (FIGURE IC), and of MB-599 before calcination (FIGURE 
Id). The support is a fine powder, non-agglomerated with particle 
diameters up to 2 Further magnification shows that the particles 
have no internal s!,:ucture, and theref ore are probably amorphous. 

place as large blocks (10 - 50 pm  edge) with no particular geometri- 
cal shape are observed, together with the powder. However. mag- 
nification of such a block to 8OOOX reveals that it is made of 
loosely bound powdered particles, which again have no internal 
structure. A f t e r  calcizstie= !FIC-L?Z, IC), sinilar type= c;f large 
blocks are observed, but these are still mixed with powder and show 
no smaller scale structure. The laosely bound powder inside these 
blocks are identical to those observed before calcination, and 
indicate that no sintering took place. FIGURE Id reveals that the 
situation is the same for the MB-599 catalyst. Scanning electron 
microscopy shows that all catalysts have a low degree of ordering, at 
all steps of preparation, with little texture. This indicates that 
most likely they are amorphous or microcrystalline. 

After ion-exchange (FIGURE lb), a significant change has taken 

X-Ray Po- 
The X-ray diffraction results for the two catalysts at various 

stages of preparation and use are given in FIGURES 2 and 3. FIGURE 
2a shows the hydrous titanate support before ion exchange is totally 
amorphous. After ion-exchange (FIGURE 2b), a low degree of ordering 
is observed, in the MB-586 catalyst, in the form of weak. very broad 
bumps on the background, indicating the presence of microcrystal- 
linity. Calcination results in significant crystallite growth, 
giving identifiable Bragp peaks for TiOa in the anatase and rutile 
forms and SnOz rutile. Little change is observed after the catalyst 
has been used in the coprocessing reaction, except that a few extra 
weak peaks indicate the formation of a small quantity of SnS and 
maybe some B-Sn. 

after ionic exchange (FIGURE 3b) is also microcrystalline. Contrary 
to MB-586. the powder pattern of calcined MB-599 (FIGURE 3c) contains 
only a few very broad peaks; however, no TiOz anatase, TiOz rutile or 
SnOa rutile seem to be present. Instead, a broad peak is observed 
between the positions that would be occupied by any (hkl) peak of 
Ti02 rutile and the same (hkl) peak of SnOz rutile. This is Indica- 
tive of the formation of a rutile-type Til-xSncO1. solid solution with 
unit-cell parameters intermediate between those of TiOz and SnOz 
(TABLE 11). 

For the MB-599 catalyst (FIGURE 3), the non-calcined catalyst 
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a: NaTinOsB support: SEM miorograph b: ME-588 catalyst before calcination: 
before cationic exchange, SKf4 micrograph at magnifications of 
magnification= 5,000. 800 (top) and 8.000 (bottom). 

c: ME-586 catalyst after calcination: 
SEn micrograph at magnifications of 
1,000 (top) and 10,000 (bottom). 

d: PIB-599 catalyst before calcination: 
SEH micrograph at magnifications of 
800 (top) and 8.000 (bottom). 

Bigure 1 
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Fi re 2: X-ray 
+attern 
(K Cu) of MB-586; 
a: support 
b: non-calcined ion- 

exchanged 
catalyst 

I I , c: calcined catalyst 
sa 25 2" I S  I O  d: used catalyst 

llrs,:,: nnn1es TIl'3l.a ( 0  I X= unidentified 
peaks 

1 

a 
Fi re 3: X-ray 
+pattern 
(K CU) of MB-599; 
a: support 
b: non-calcined ion- 

D exchanged 
catalyst 

d: used calcined 
catalyst 

w.op -1" 1h.t. 1.1 catalyst 

c: oalcined catalyst 

I I I I ,: e: used non-calcined 
30 z¶ m IS 

407 



TmLLLX 
Unit-Cell Parameters of TiOa , Til-xSruOa , and SnOa Rutile-Type 

4 . 5 9 4  
2 . 9 5 8  
62 .43  

4 . 6 4 3  
3 .100  
66 .83  

4 . 7 3 8  
3 . 1 8 8  
7 1 . 5 1  

Contrary to MB-586, a drastic change takes place in MB-599 upon 
use (FIGURE 3d and 3 e ) ,  as a mixture of TiOz anatase, TiOz rutile, 
SnO2 rutile, SnS, and possibly B-Sn, is  observed in addition to some 
unreacted Tii-aSm02 solid solution. The details of the changes for 
the first group of peaks are given on FIGURE 4 .  

The MB-586 and MB-599 catalysts were prepared following the same 
procedure, except that, for MB-599, the sodium hydroxide solution was 
kept below 0 O C  to minimize temperature rise during addition of 
titanium(1V) 2-propoxide, whereas for MB-586, this NaOH solution was 
not cooled before preparation of the soluble titanium Intermediate. 
This difference in experimental procedure, not brought up in the 
literature, must be at the origin of the difference in the nature of 
the solid catalysts. It i s  most likely that additional intermediate 
species, precursors of TiOz anatase, are formed upon hydrolysis of 
titanium(IV).2-propoxide at room temperature. 

calcination and use, as shown by the large linewidth of the Bragg 
peaks. Below 1000 A particle diameter, line broadening occurs. and 
below ca. 50 A ,  the peaks are so broad they cannot be distinguished 
from the background. The average particle s i z e  of each phase was 
estimated by using the Scherrer's formula ( l e ) ,  corrected for 
instrumental broadening with Warren's method ( 1 8 ) .  The results are 
given in TABLE 111. 

The catalyst are microcrystalline at all stages, even after 

Z U L E J u  
Average Particle Size of, Catalysts a5 Determined by Scherrer's Method 

from the Broadening of the Brags Peaks 

Catalysts@ 

Support 

MB-586 nc 

MB-586 c 

MB-586 u 

ME-599 nc 

MB-599 c 

MB-599 u-c 

MB-599 u-nc 

12.70 0.32 

12 .70  0 . 5 2  

1 # 

1 3 . 5 8  0 . 7 0  
17 .40  1 . 0 5  

1 7 . 6 0  0 . 8 0  

12.64  0 . 3 0  
1 7 . 6 0  0 . 5 0  

0 

O)b B ( O ) b  t(A)b Phase 

* * < 50 microcrystalline 

# S 50-100 TiOz microcryst. 
SnOa microcryst. 

17 0 . 2 7  300 Ti& anatase 

0 . 1 8  

# 

0 . 1 7  
0 . 1 7  

0 . 1 7  

0 . 1 7  
0 . 1 7  
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0 . 4 9  170 TiOz anatase 

# 50-100 TiOz microcryst. 
SnOa microcryst. 

0 . 6 8  120 Til-xSruOz rutile 
1 . 0 4  80 Til-xSnx0z rutile 

0 . 7 8  107 Til-xSnxOa rutile 

0.25 330 Ti% anatase 
0 . 4 7  177 Til-xSm0z rutile 



(110) Sn02 Rutile -lei I- d120) SnS 
SnS 
TiOl 

(101) TiOz Anatase 

Used Catalyst 

!A\ i i , 
I 1 I Calcined catalyst 

I I ,  I 

Physical mixture 
SnOz Rutile (L 
TiOa Rutile 

Figure 4: Comparison of the first Bragg peak of T i l - x S m O n  
Rutile type solid solution in HB-599 calcined catalyst 
with a physical mixture of rutile type SnOI and Ti& 
and with the used catalyst. 

I 

TD2 
I 
I 
1 
I 
I 
I y- 

(2) I 

Rimre 5: Evolution of the reooil- 
free fraction with temperature as a 
function of lattice strength 

A= Zero point motion 
B= Harmonic thermal vibrations 
C= Anharmonic thermal vibrations 
E%= Low temperature difference 
I&= Hish temperature difference 
fa = Absorber recoil-f ree fraction 
T n l ,  Tn2= Debye temperatures 
(1)= Soft lattice 
(2)= Hard lattice 
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, 

a: nc = non-calcined. c = calcined, u = used, u-c = used calcined 

b: Scherrer's formula: t = (0.9A )/(B.cose) with t ( A )  = average 
catalyst, u-nc = used non-calcined catalyst. 

particle size, B ( " )  = broadening at half-height due to small 
particles, A ( A )  = wavelength, e ( " )  = Bragg angle. * No Bragg peak observed. 

t Very broad peak, cannot be measured. 

X-ray diffraction results corroborate the information obtained 
from the SEM photographs, i . e .  all samples are microcrystalline. It 
is not surprising that the particles of 1-2 m diameter observed by 
SEM appear to have no internal structure. &deed, each of them is 
made of about 1010 much smaller particles (diameter ca. 1000 times 
smaller) randomly distributed relative to one another. The support 
gives no Bragg peak at all, and therefore is amorphous or microcrys- 
talline with particle diameter below 50 A .  The non-calcined ion- 
exchanged catalysts shows very broad features barely distinguishable 
from the background, indicative of a particle size close to 50 A .  
The rutile-type Til-xSnx02 solid solution has particle dimensions of 
about 100 A ,  while Ti02 anatase has the largest crystallites 
( -  300 A ) .  Some crystallite growth occur upon calcination; however, 
all samples are still microcrystalline. No further crystal growth 
was observed during the tests. - 

11BSn Mtissbauer spectroscopy provides a direct probing of all 
tin sites, regardless of the degree of crystallinity or presence of 
other phases. This is very important for obtaining information on 
the oxidation state and the coordination of the active sites of these 
catalysts. Furthermore, of all metal-exchanged catalysts tested in 
(5), i.e. Mo, Co, Pd, Sn, and Ni, only tin has a Mossbauer isotopes. 
The Mossbauer results for MB-586 and MB-599 are summarized in TABLE 
IV. 

tin and a major tetravalent tin species, both coordinated with 
oxygen. Sn(1V) is in pseudooctahedral coordination like in SnOa, 
with various degrees of distortion relative to regular octahedral 
symmetry. The oxygenated ligands can be bridging oxygen, OH- or H a 0  
molecules. The sample prepared at low temperature (MB-599) contains 
a larger proportion of Sn(I1). Upon calcination in air, all tin(I1) 
is oxidized to tin(1V) as expected. After coprocessing test, some 
stannous sulfide SnS is produced, in very small quantity (1 %) for 
MB-586, in much larger quantity (10 - 15 % )  for MB-599. No B-Sn was 
observed by Mossbauer spectroscopy; therefore, if it is indeed 
formed, it is in very small quantities. 

of m- the c- - 
MGssbauer data presented in TABLE IV show that, during coprocessing, 
a profound change takes place in the solid catalyst provided it was 

The non-calcined ion-exchanged catalysts contain minor divalent 

The X-ray diffraction results of FIGURES 2 to 4 and the 

3 Co catalysts can be studies by 57Fe Mossbauer spectroscopy; 
however, this requires preparing the catalyst using radioactive 
57Co radioisotope, thus giving rise to additional experimental 
complications. In addition, electron-capture decay, and the 
following Auger cascade, often give extra Mbsbauer lines and 
unexpected oxidation states of Fe, making the interpretation of 
the spectra more difficult (19). 
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TABLLu 
Room Temperature 11eSn M6ssbauer Parameters for MB-586 and MB-599 Tin 

Titanate Catalysts 

Catalysts* 6(mm.s-1 )b h(mm. s-1 )e Oxid Contr(%)e Assignment* 

MB-586 nc - 0.09 0.15 +4 95 Sn/O octa sd 
3.04 1.59 +2 5 Sn(II)/O 

MB-586 c - 0.03 0.30 +4 100 Sn/0 octa di 

MB-586 u - 0.03 0.40 +4 99 Sn/O octa vd 
3.16 0.98 +2 1 SnS 

MB-599 nc - 0.09 0.40 +4 75 Sn/O octa vd 
3.13 1.78 +2 25 Sn(II)/O 

MB-599 c - 0.03 0.00 +4 100 Sn/O octa ud 

MB-599 u-c - 0.03 0.00 +4 85 Sn/O octa ud 
3.22 0.86 +2 15 SnS 

MB-599 u-nc - 0.03 0.00 +4 90 Sn/O octa ud 
3.28 0.86 +2 10 SnS 

a: nc = non-calcined. c = calcined, u = used, u-c = used calcined 
b: chemjcel isomer shift r a l n t i v e  to CPCEOS et ~ O = E  +e----+-- ” ..rr&Puure. 

c: quadrupole splitting, error bar = 0.01 mm.s-1. 
d: oxi = tin oxidation state. 
e: contr = % contribution of each tin site to the total spectrum, 

f: Sn/O octa = tetravalent tin in octahedral or pseudo-octahedral 

catalyst, u-nc = used non-calcined catalyst. 

error bar = 0.01 mm.s-1. 

error bar = 1 % .  

coordination of oxygen, ud = undistorted, sd = slightly dis- 
torted, di = distorted, vd = very distorted, Sn(II)/O = divalent 
tin coordinated by oxygen. 

formed of Til-xSnx0z solid solution (HB-599). The amount of solid 
solution is reduced while a large amount of Ti& anatase is formed 
and ca. 15 % SnS. On the other hand, if the calcined catalyst 
contains Ti02 anatase and rutile and SnO2 rutile, and no Til-aSnxO2 
(MB-586), no significant change is observed and little SnS is formed 
(1 X ) .  Obviously, there is a correlation between the simultaneous 
disappearance of Ti1-xSna02 and the appearance of TiOa anatase and 
SnS. As the reaction with calcined MB-599 gives the highest yield in 
SnS, reduction of tin(1V) to tin(I1) by hydrogen and/or coal first 
takes place, followed by sulfidation of the tin(I1) formed (EQUATION 
l), sulfur being provided by the oils (5 w t  % S) and coals (0.5 w t  % 
S). 

As formation of SnS is observed only if Til-XSnxOa is present, the 
reactions given in EQUATIONS 2 and 3 take place at 410 ‘C under 3.4 
MPa pressure of hydrogen. 

411 



xS2- + Til-~SnrOa + 2xHz - - ->  (1-x)TiOz + 2xHaO + xSnS + 2xe- 2) 
rutile anatase 

XSZ- + Til-XSnrOz + 2xC - - -> (1-x)TiOz + 2xCO + xSnS + 2xe- 3 )  
anatase anatase 

Reactions 2 and 3 produce TiOa anatase and SnS and consume 
Til-~Sn.02, and therefore, account for the experimental observations. 
The reason the reaction works well with Til-xSruOz and not for SnOz 
rutile is probably that the SnO2 lattice is much more stable. 
Indeed, the strain induced by the presence of two cations of sig- 
nificantly different size (Sn(1V) = 0.83 A ,  Ti(1V) = 0.735 A ,  in 
coordination number six) (20) in Til-xSnx0z reduces the lattice 
energy and makes it more susceptible to the destabilizing power of 
chemical attacks. 

The amount of SnS formed depends on the presence of the 
Til-xSn.02 rutile-type solid solution, and is not favored by prior 
presence of tin(I1) in the catalyst. The data of TABLE V show that 
the calcined MB-599 (0 % Sn(I1)) yields 15 % SnS, while non-calcined 
MB-599 catalyst (25 % Sn(I1)) gives 10 % SnS, i.e. less. Even in the 
case of the test with non-calcined MB-599, the used catalyst contains 
less divalent tin (10 %) than the catalyst before use (25 % ) .  showing 
that direct sulfidation of tin(I1) already present does not take 
place. To the contrary, presence of Til-xSn.02 is required showing 
that its decomposition leads to SnS and Ti02 anatase, according to 
equations 2 and/or 3. 

T A P u a  
Amount of SnS versus Test Conditions 

Catalyst c/ne T s b  pHz (psi)c TR (OC)d Timen % SnS 

MB-586 C RT 500 410 3h4 5 1 
MB-599 C < 0 "C 500 410 33145 15 
MB-599 nc < 0 o c  500 4 10 31145 10 

a: c = calcined, nc = non-calcined. 
b: T6 = temperature of preparation of support. 
c: pHZ = pressure of hydrogen (continuous flow) in the reactor 

d: TR = temperature of reaction for the tests. 
e: Time = time of the test reaction. 

during the test. 

A surprising feature is the high amount of Sn(1V) in the 
catalysts before calcination, i.e. the large amount of divalent tin 
oxidized to tin(1V) during ion-exchange. TABLE V compares the 
relative amount of tin(I1) as a function of the conditions of ion 
exchange. - 

Relative amount of divalent tin in ion-exchanged non-calcined 
catalysts as a function of preparative conditions 

Catalyst Water PH Stirring Time Sn(II)/total Sn 
Degassing (min) ( % )  

MB-586 NO 2.8 60 
MB-599 Yes 1.83 105 
MB-585 Y e s  2.4 60 

4 1 2  

5 
25 
10 



Although one could expect that prolonged exposure to dissolved 
atmospheric oxygen would increase the amount of tin(1V). the above 
data clearly indicate that the pH of the solution is the most 
important factor, followed by degassing. Most likely, at low pH less 
hydrolysis of tin(I1) occurs, which is known to favor oxidation. 
However, a pH lower than 1.8 cannot be used because it dissolves the 
sodium titanate support. Oxidation to tin(1V) during calcination 
could be expected. 

CONCLUSION 

Tin exchanged hydrous "titanates" have been prepared and charac- 
terized by some of the solid state techniques. The method of 
preparation, texture and structure of the catalysts, as well as the 
nature of the tin site, are important parameters for the understand- 
ing of their behavior during coprocessing reactions. The catalysts 
are microcrystalline in all stages of preparation, although sig- 
nif icant crystallite growth of TiOz anatase occurs during calcina- 
tion, from ca. 50 A to 300 A .  The method of preparation of the 
support is critical as a room temperature reaction yields mostly TiOz 
anatase, while low temperature syntheses result in a rutile-type 
Til-xSn.02 solid solution being formed, which easily decomposes upon 
reduction of tin(1V to tin(II), producing SnS and TiOz anatase at 
coprocessing conditions. X-ray diffraction and Mossbauer spectros- 
copy show that no Sn(1V) or Sn(II)/Sn(IV) mixed oxidation state 
sulfide is formed. In addition, no titanium sulfide or sodium- 
containing species was detected, despite the non-negligible sodium 
content (TABLE ij. The coal/hydrogen reducing medium reduces Sn(1V) 
from Tii-xSm02 and not from SnOz, followed by sulfidation to SnS, 
using the natural sulfur content of coals and oils. TiOz anatase and 
rutile and SnO2 rutile seem very stable. 

The relative contribution of each tin species to the total 
Mossbauer spectrum, is not equal to the real amounts of these species 
in the samples if their recoil-free fractions are not the same, and 
the difference, which is a function of their Debye temperature, is 
temperature dependent, as shown on FIGURE 5. A variable temperature 
study is presently being undertaken in order to minimize the error 
due to recoil-free fraction difference. Calculations of equilibrium 
constants (21) for the reduction of oxides of Sn, Mo, Co. and Ni, at 
the temperature of the coprocessing reactions show that SnOz is more 
difficult to reduce in Hz than NiO, COO and MoOa. If reduction of 
SnOa occured, NiO, COO and MoOa would also be reduced in the reac- 
tions of (5). As no data are available on the equilibrium constant 
for Til-xSnxOz, reduction of NiO, COO, and MoOa cannot be confirmed. 
The detailed study of the tin catalysts, which was possible because 
of the 11oSn Mossbauer probe, provides a model for catalysts contain- 
ing other metals, which have no Mossbauer nuclide. 
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A NEW DETERMINATION OF EXCHANGEABLE OXYGEN IN COALS 
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Grand Forks, ND 58202 

lntroduct i on 

All facets of research on a coal sample require accurate knowledge of the mois- 
ture content, which obviously changes during any chemical or physical processing. 
The elemental analysis of coal significantly depends on the determination of the 
moisture content of the coal; and thus during the combustion (ultimate) analysis of a 
sample, the amount of water initially present in the coal sample must be accounted 
for in the water of combustion measured in the experiment, in order to determine the 
amount o f  hydrogen present in the coal sample. The amount of water present also must 
be known to determine the oxygen content. Although the weight loss drying method is 
standard practice for determining moisture, there are errors possible. especially in 
the low-rank coals, which may contain over 30 percent moisture. These errors could 
be due t o  incomplete drying or possibly oxidation during the determination. 

Finseth has recently reported a new method for the determination of water in 
coals which utilizes isotope dilution (1). In this technique, a known amount of 
water which was enriched in '*O was added to the weighed coal sample in a tube. 
Carbon dioxide was also added and the tube sealed and then heated to equilibrate the 
added 1ebe;ed water with the natural abundance water present in the sample. The tube 
was then opened and the carbon dioxide analyzed by mass spectrometry to determine the 
isotopic ratio, from which the coal moisture could be calculated. The carbon dioxide 
acted as a probe molecule to facilitate the mass spectrometric analysis, since its 
oxygens exchange completely with those of the water. The results of Finseth's mois- 
ture determinations were compared with ASTM values for a number of Argonne premium 
coal samples and were in all cases somewhat larger than the ASTM values. 

The mass spectrometers available in our laboratories are not adiptable to analy- 
sis of the CO,, hence we sought an alternative for the analysis of the isotope ratio 
in the isotopically equilibrated water samples. The reaction o f  the water with 
several orthoesters to give the ester containing the water-derived oxygen (labeled 
oxygen) in the carbonyl group was investigated (see Equation 1). The orthoester 
selected for the analysis was trimethyl orthobenzoate, since it gave methyl benzoate 
which could be conveniently analyzed in our GC/FTIR/MS system. 

0-CH, "0 
H:O II + 2CH,OH 

0- CH, PTSA @' \O-"3 

Equation 1. Reaction of trimethyl orthobenzoate with water. 

415 



Results and Discussion 

The react ion o f  water wi th  the t r imethy l  orthobenzoate proceeded somewhat slowly; 
hence several cata lysts  f o r  the reaction were investigated. Boron t r i f l u o r i d e  ether- 
ate was unsuccessful since i t  appeared t o  catalyze the exchange of labeled oxygen o f  
the water w i th  the glass or  possibly w i th  the solvent. Methanesulfonic ac id  s imi lar -  
l y  gave poor resul ts .  A very d i l u t e  so lut ion o f  p-toluenesulfonic ac id  i n  glyme was 
selected as the cata lyst  which gave the best reproduc ib i l i t y  and ca l ibrat ion.  

The isotope r a t i o  o f  the natural and labeled methyl benzoate which resu l ts  from 
the react ion o f  water w i th  the tr imethyl orthobenzoate was determined both from mass 
spectra and in f ra red  spectra o f  the methyl benzoate peak e lu t ing  from the GC 
column. Adequate peak shape was obtained using a 60 m x 0.32 mm column wi th  a 1.0 II 
DE-5 f i l m ,  so t ha t  reproducible in tegrat ion o f  the peak f o r  the quant i ta t ion could be 
obtained. 

I n  the mass spectral measurement. the r a t i o  o f  the integrated in tens i ty  o f  the 
(M-31)+ i on  corresponding t o  the labeled methyl benzoate (a t  m/e = 107) t o  t h a t  o f  
the natural methyl benzoate (a t  m/e = 105) over the corresponding peaks was deter- 
mined. A representative mass spectrum from the GC/MS determination o f  one o f  the 
known mixtures i s  shown i n  Figure 1 along wi th  the reconstructed t o t a l  i o n  chromato- 
gram which shows the "0-labeled and natural methyl benzoate peak and the unreacted 
t r imethy l  orthobenzoate peak. 

A l i n e a r  ca l ib ra t ion  p l o t  (Fig. 2) was used f o r  the mass spectral isotope ra t ios ,  
since there were no overlapping peaks from the labeled compound (m/e = 107) and 
natural abundance analyte (m/e = 105). The small amount o f  m/e 105 peak i n  the spec- 
trum o f  the labeled ester was due t o  the small amount o f  l60 water (2 percent) i n  the 
"0 water p lus a small amount i n  the glyme solvent used i n  the react ion o f  the water 
w i th  the orthoester. The glyme was pur i f ied  and dr ied over l i th ium aluminum hydride 
and d i s t i l l e d  onto molecular sieves. The m/e 105 peak i n  the standard w i l l  not  
a f f e c t  the l i n e a r i t y  but w i l l  change the intercept. 

The absorbance reconstructed GC peaks o f  the natural methyl benzoate (over the 
range 1750 t o  1742 cm-1) and labeled methyl benzoate (over the range 1720 t o  1712 
cm-1) were integrated t o  obtain the area r a t i o s  (A/S) o f  natural t o  labeled ester. A 
representative in f rared spectrum from the GC/FTIR determination o f  one of the known 
mixtures i s  shown i n  Figure 3. 

The ca l ib ra t ion  p l o t  (Fig. 4) o f  the in f rared data (amount r a t i o  versus area 
r a t i o )  was not l inear  since the absorption bands f o r  the labeled and natura l  es te r  
overlap s l igh t ly .  The ca l ib ra t ion  data were f i t t e d  t o  a polynomial expression. which 
was then used f o r  the determination of  the unknown isotope rat ios.  

Three methods were investigated f o r  the equ i l ib ra t ion  o f  the coal moisture w i th  
the added iso top ica l l y  enriched standard. The equi l ibrat ion was f i r s t  car r ied  out  by 
adding a so lut ion o f  the  "0 water i n  dr ied and pur i f ied  glyme t o  the  coal and heat- 
i ng  i n  the sealed v i a l  a t  100°C overnight. Decent ca l ib ra t ion  curves were obtained by 
using volumetric a l iquots  o f  known concentrations o f  natural abundance and 
iso top ica l l y  enriched water i n  glyme. The area ra t i os  were reproducible, w i th  devia- 
t ions  less than one percent f o r  most points. Tests o f  the c a l i b r a t i o n  w i th  known 
concentrations o f  water i n  glyme showed tha t  the method was accurate. However, t e s t s  
w i th  coal samples gave obviously poor resul ts  using t h i s  method. Exchange with the  
ether oxygen o f  the  solvent appears t o  have occurred i n  the coal determinations, 
rendering the method useless. The same reaction i n  the absence o f  the coal but w i t h  
an amount o f  natura l  abundance water corresponding t o  tha t  expected i n  the coal gave 
no exchange w i th  the solvent. even i n  the presence o f  acid catalyst. A c e t o n i t r i l e  
was investigated as the solvent, but the methyl benzoate d id  not form. 

The equ i l ib ra t ion  was then investigated us in no solvent as Finseth has 
reported. To generate the ca l ib ra t ion  curves, the "0 water and natura l  abundance 
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water were p i p e t t e d  i n t o  a v i a l  using micropipettes. Trimethyl orthobenzoate and 
c a t a l y s t  were added and the  v i a l  was crimped. The methyl benzoate product was 
analyzed w i t h  GC/FTIR/MS as described above. The r e s u l t i n g  c a l i b r a t i o n  curves were 
somewhat e r r a t i c ,  and although po in ts  from the  same so lu t i on  were reproducible, t e s t s  
o f  the c a l i b r a t i o n  w i t h  new known mixtures gave la rge  errors.  The la rge  e r r o r s  and 
e r r a t i c  c a l i b r a t i o n  curves were a t t r i b u t e d  t o  e r ro rs  i n  the volumetr ic measurements 
using the micropipettes,  probably due t o  incomplete drainage. 

F ina l l y ,  the  so lu t ions  f o r  the  c a l i b r a t i o n  were made up by weighing m i l l i g r a m  
amounts o f  water and na tu ra l  water. A l i n e a r  c a l i b r a t i o n  curve was obtained f rom 
t h e  mass spec t ra l  data, and a smooth curve was obtained from the  i n f r a r e d  data, f rom 
which a polynomial expression was derived. The in f ra red  in tegra ted  absorbance r a t i o s  
were reproducible w i t h i n  one percent, and the mass spectral  i n t e n s i t y  r a t i o s  were 
w i t h i n  one percent i n  the middle o f  the c a l i b r a t i o n  curve and w i t h i n  f o u r  percent at  
each end. A t e s t  o f  the  c a l i b r a t i o n  using a new known so lu t i on  gave e r ro rs  o f  1.8 
percent using the i n f r a r e d  data and 4.5 percent using the mass spec t ra l  data. 

The method was t e s t e d  using a Beulah l i g n i t e  sample by adding an a n a l y t i c a l l y  
weighed amount o f  t he  ' * O  water. The sample was sealed w i t h  a to rch  i n  such as  
manner as t o  leave a c a p i l l a r y  a t  the sealed end. A f te r  e q u i l i b r a t i o n  i n  an oven 
overnight,  the sample was then removed from the oven and placed i n  an o i l  bath so 
t h a t  t he  coal  i n  the  bottom o f  the tube was warmed and the  moisture co l l ec ted  i n  t h e  
c a p i l l a r y  tube. The tube was opened and the equ i l i b ra ted  water was obtained from t h e  
c a p i l l a r y  and reacted w i t h  t r imethy l  orthobenzoate and p-toluenesul fonic a c i d  
ca ta l ys t .  The ana lys is  o f  the  methyl benzoate w i th  the  GC/FTIR/MS system gave values 
f o r  the  exchangeable oxygen rese rvo i r  o f  39.8 percent from the  i n f r a r e d  data and 38.6 
percent from t h e  mass spec t ra l  data. The close agreement o f  these determinat ions was 
encouraging and demonstrated tha t  the instrumental methodology was working extremely 
we l l .  On the o ther  hand, the  large value obtained was no t  expected, s ince the ASTM 
d r y i n g  weight l oss  method gave 33.6 percent moisture i n  t h i s  sample. The e q u i l i b r a -  

exchangeable oxygen rese rvo i r .  The problem i s  t h a t  we do no t  know i f  t h i s  inc ludes  
p o r t i o n s  of t h e  o r g a n i c a l l y  bound oxygen, such as carboxy l i c  ac id  groups. F i n s e t h  
demonstrated t h a t  benzoic ac id  does no t  exchange under these condi t ions,  however, we 
cannot be c e r t a i n  t h a t  the  coal carboxylate and carboxy l i c  ac id  groups do n o t  
exchange, consider ing t h a t  there may be ca ta l ys ts  fo r  the  exchange present i n  t h e  
coal .  

The exchangeable oxygen determination was then performed on two o f  the  Argonne 
premium coal samples and a sample of  B ig  Brown l i g n i t e .  Table 1 compares t h e  values 
obtained using the  isotope d i l u t i o n  GC/FTIR and GC/MS data w i t h  the f a s t  dry ing ASTM 
method and the Finseth i so tope d i l u t i o n  (CO ) MS method. The values obtained f o r  t h e  
Argonne premium sample o f  I l l i n o i s  #6 bitum?nous coal and the Argonne premium Beulah- 
Zap l i g n i t e  were very s i m i l a r  t o  those obtained by Finseth (1) and were somewhat 
higher than those found using the ASTM method. Further work w i t h  the  Argonne premium 
samples w i l l  be undertaken t o  evaluate the i n f ra red  and mass spec t ra l  methods f o r  
water determination. 

Experimental 

t i o n  ~ . , i + h  *L Lllf i s a t o p i c a i i y  enriched water, of course, determines the  s i ze  o f  t h e  

Coal Sam l e s  were e q u i l i b r a t e d  w i t h  the  weighed amount o f  ' * O  water i n  sealed 
The seal on the  tubes was 

fashioned so t h a t  it formed a narrow c a p i l l a r y  por t ion .  A f t e r  e q u i l i b r a t i o n ,  t h e  
bottom of the  tube was warmed so t h a t  moisture was trapped i n  the  c a p i l l a r y  p o r t i o n  
of the  tube. The c a p i l l a r y  tube was then broken o f f .  and the  upper p a r t  c o n t a i n i n g  
the  co l l ec ted  water was q u i c k l y  t rans fer red  t o  a r e a c t i o n  v i a l ,  where i t  was crushed 
and the  reagents added. For preparat ion o f  the  der iva t ive ,  1 p o f  a s o l u t i o n  
conta in ing  1 mg/ml of  p- to luene-sul fonic ac id  i n  d r i ed  glyme and 100 mg o f  t r i m e t h y l  
orthobenzoate were added t o  the  v ia l .  which was sealed w i t h  a crimped cap. The v i a l  
was heated f o r  1 hour a t  100°C. Instrumentat ion f o r  the  GC/FTIR/MS determinat ion was 
described e a r l i e r  (2). A l l  glassware was d r ied  several hours a t  l l O o .  

tubes a t  100 8 C f o r  15 hours as reported by Finseth (1). 
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TABLE 1. MOISTURE (EXCHANGEABLE OXYGEN) DETERMINATIONS 

IDIGCIFTIR GC/MS ID/MS(CO~)* ASTM - -  COAL - 

AR. E-Z LIGNITE 34.3% 32.8% 34.4% 32.8% 

AR. ILL 86 9.4% 9.9% 9.6% 8.8% 

UNO E-Z LIGNITE 39.8% 38.6% 33.6% 

UNO BB LIGNITE 28.9% 29.4% 27.8% 

Values from Finseth (Reference 1) 
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Figure 1. a) Reconstructed total ion chromatogram of mixture of "0- and 
'60-labeled methyl benzoate, (b) Mass spectrum of above mixture. 
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Flgure 2. Mass spectra calibration curve for 
isotopic methyl benzoate ratios. 

420  



Figure 3. Infrared spectrum of mixture o f  "0 
and I60-labeled methyl benzoate. 
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ANALYSIS OF NONDISTILLABLES FROM COAL LIQUIDS BY SIZE EXCLUSION 

CHROMATOGRAPHY/FOURIER TRANSFORM INFRARED SPECTROMETRY (SEC/FT-IR) 

C. V. Philip and R. G. Anthony 
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Department of Chemical Engineering, Texas A&M University 
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INTRODUCTION 

Coal liquids may contain as much as 50% or more nondistillables. Most of 
the nondistillable materials are soluble in solvents such as tetrahydrofuran 
(THF) or pyridine. Currently, the nondistillables are characterized by 
elemental analysis, nuclear magnetic resonance (NMR),  Fourier Transform infrared 
(FT-IR) spectrometry and heating values. The nondistillable and distillable 
fractions of a coal liquid can be separated and analyzed by size exclusion 
chromatography (SEC) (1-8). SEC separates molecules based on "linear molecular" 
size ( 3 , 4 ) .  The application of SEC is limited only by the solubility of the 
sample in a solvent. Although SEC has been used primarily for the separation 
and characterization of polymers based on molecular size or molecular weight, 
its use has been extended to the separation of smaller size molecules (10-13). 

The separation of coal liquids by SEC is easily achieved with appropriate 
columns. Because coal-derived mixtures have several components of a similar 
size, the use of SEC alone is not adequate for the purpose of identification. 
Gas chromatography (GC) coupled with mass spectrometry (MS) has been used in 
conjunction with the SEC (14,15,16). The use of these three analytical 
techniques [SEC, GC, and MS] is a powerful analytical method for the analysis of 
the distillables of coal liquids, recycle solvents and anthracene oils (14, 15, 
16). 

Analysis of SEC fractions of nondistillables by FT-IR spectrometry is very 
useful in characterizing the coal liquids produced under different reaction 

consuming, because the mass of coal liquid in a SEC fraction is very small. A 
new technique, which is more reliable and requires less time than the 
conventional techniques, is developed for the analysis of small samples. The 
residues from SEC fractions are spotted onto a potassium bromide (KBr) pellet. 
The spotted samples are then analyzed using a narrow focused beam in the 
Microbeam accessory of a Nicolet 60 SXR FT-IR spectrometer. The paper discusses 
the analytical technique as well as the FT-IR spectra of SEC fractions. 

I conditions. Conventional lT-IR techniques are rather unreliable as well as time 

EXPERIMENTAL 

The low rank coal used in the liquefaction experiments (15) was Zap-2 
Indian Head lignite from North Dakota. Minireactors (6.3 and 20 ml), which were 
made from Autoclave high pressure fittings (7)  were used. The liquefaction 
solvents included anthracene oil and water under supercritical conditions. 
Hydrogen, carbon monoxide and hydrogen sulfide were the reactive gases. The 
experimental conditions are listed in Table 1, and the yields are listed in 
Table 2 (15). 

Coal liquids from thLse experiments were separated by dis_tillation at 23OoC 
and 1 Torr. The nondistillables were dissolved in THF and separated using a 60 
cm long, 5 um, 10 nm PL gel column and THF as the mobile phase. The effluents 
were monitored by a Waters refractive index detector (Model 401). The SEC 
fractions were collected as one ml fractions. Most samples were separated into 
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10 fractions. The THF in these fractions was evaporated using a slow dry stream 
of nitrogen and occasionally warming the vials with warm air from a hot air 
blower. The residues were used for FT-IR analysis. 

A Nicolet 60SXR FT-IR Spectrometer with Microbeam accessory and a MCT-A 
detector was used for the UT-IR analysis. The samples were dissolved in 2 - 5  ml 
and spotted on a 13 mm potassium bromide (KBr) pellet (100 mg) using a 5 ml 
syringe with a fused silica needle. Six 
1-2 mm diameter sample spots were deposited on each KBr pellet. Each pellet was 
scanned using a motorized sample stage which is both manual and computer 
software controllable. The Microbeam accessory is used to focus the IR beam 
either manually or by the 60 S X R  software. A narrow beam (0.1 mm dia.) was used 
for the analysis. The Microbeam accessory enables analysis of a sample as small 
as 0.1 mg with good absorption spectrum with about 2 absorbance unit for the 
largest peak. Absorptions due to water vapor and CO2 were subtracted from all 
spectra. The spectra were subjected to baseline correction as well as the 
normalization of the largest peak to 2.00 absorbance units. 

The pellets were dried on a hot plate. 

RESULTS AND DISCUSSIONS 

The coal liquids contained substantial amounts of nondistillables, which 
varied depending on the reaction conditions. Figure 1 shows the distribution of 
various chemical species in a coal liquid. A coal liquid from Wyodak 
subbituminous coal is used for the illustration. 

One of the major results of SEC-GC-MS analysis of the distillables is the 
discovery of an orderly pattern (14,15,16), by which various isomers and 
homologues of similar chemical species exist in coal liquids. Direct coal 
liquefaction produces chemical species, which differ from each other by size and 
extent of Innmerization hi.it w t t h  an orderly centlnlmus p e t t e n .  P-lka-ea r=~-i--  
from Cl2HZ6 and C44H80 are detected in almost any coal liquid. Most of these 
are straight chain alkanes showing an orderly continuous pattern. Neither is a 
particular n-alkane almost absent nor is it present in a disproportionate 
amount. Exceptions exist for some branched alkanes such as pristine, phytane, 
and hopanes. These species are also called biomarkers and their concentration 
varies depending on the sample. The nondistillable fraction of coal liquids are 
expected to contain larger alkanes as a continuation of the alkane pattern. 
Since alkanes larger than nC44H8~ are almost insoluble in THF, their presence in 
THF soluble nondistillables is limited and they may exist as nondistillables in 
the THF insoluble fractions. 

bL"6 

Phenols are a major group of species present in coal liquids and have 
basically one or more aromatic ring structures with alkyl substituents. 
Methyl, ethyl and propyl are the most common alkyl substituents (14,15,16). 
The number of possible isomers increases as the possible number and size of 
alkyl substituents increases. It is expected that higher degrees of alkylation 
can produce larger molecules with a greater number of isomeric forms. Separation 
of these isomers is rather difficult even by high resolution GC methods. The 
larger phenols should be present in the nondistillables. If pattern observed 
for the distillables is continuous, the phenols are heavily alkylated and may 
contain other functional groups including additional hydroxy groups. SEC can 
separate these phenols based on "linear size" (length obtained from valence bond 
structures), and FT-IR gives an insight into the structural details. 
Interpretation of the FT-IR is difficult (17-20) and requires extensive use of 
the literature as well as conformation from other analytical methods. 

The number of isomers of alkylated aromatics is enormous. Increased 
alkylation causes an increase in the number of isomers. In the case of both 
alkylated phenols and aromatics various isomers exist in a continuous pattern 
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(14,15,16). A low amount of alkylation gives a few well-resolved isomers. For 
aromatic species which have been extensively alkylated a large number of isomers 
are produced but in small concentrations. The two types of aromatics are 
expected in the nondistillables. Polycyclic aromatics such as pyrenes and 
corones are the first type which appear in SEC fraction 10. The second type is 
the alkylated aromatics which are heavy due to size and number of alkyl side 
chains. The trend in distillables indicates that the number of possible isomers 
is enormous. The use of FT-IR with SEC allows one to identify the functional 
groups for molecules with a known linear molecular size. 

The THF soluble nonvolatiles shown in Figure 1 represent the 
nondistillables in a coal liquid. If we assume that the heavy alkanes are 
insignificant due to their limited THF solubilities, the nonvolatiles contain 
two major chemical species, i.e.alkylated phenolics and aromatics. Phenolic 
species will be found in the first few SEC fractions and the aromatics in the 
last few fractions. 

Figures 2 - 4  illustrate the separation of three coal liquids by SEC. By 
using the Microbeam accessory on the FT-IR and the new technique, the small 
samples in the SEC fractions are readily analyzed. The Microbeam accessory is 
used to focus the IR beam to less than 0.5 mm diameter, and analyze small 
samples deposited as spots on a KBr pellet. This technique allows the analysis 
of up to six sample spots on a single 13 mm diameter pellet. Another advantage 
of this technique is that the area between the spots on the pellet is used for 
background subtraction to eliminate the absorptions from contaminants in the 
pellet such as absorbed water. 

' 

FT-IR has been used to characterize spectroscopic analysis of complex 
substances such as coal, oil shale, petroleum crude and various products derived 
from them ( 1 8 - 2 0 ) .  These fossil fuels as well as coal liquids are composed of 
various species with functional groups whose characteristic absorption bands may 
overlap and interfere with the interpretation of the spectra. We have shown 
( 3 , 4 )  that SEC separates molecules on the basis of linear molecular size, and 
that the phenolics hydrogen bond with the THF. Thus SEC with THF solvent is 
capable of separating phenolics and aromatics. Therefore, SEC separation prior 
to FT-IR analysis is used to resolve some of the uncertainties associated with 
spectral interpretation. 

Figure 5 shows the FT-IR spectra of 10 one ml SEC fractions of 
nondistillables from a liquefaction reaction in where water under supercritical 
conditions was used as the solvent along with reactive gases such as Hp, CO and 
H 2 S  (See Table 1 & 2 for experimental conditions and product yields). Most 
reports on FT-IR analysis of coal points out the difficulties associate with the 
interpretation of the spectrum. A good discussion about the band assignments of 
functional groups found in coal and coal liquids is presented in a recent paper 
(19). Figure 6 shows the SEC/FT-IR analysis of anthracene oil distillate which 
was also used as solvent for liquefaction experiments. The effect of reaction 
time on the SEC/FT-IR data for the nondistillables produced when using 
anthracene oil distillate and water under supercritical conditions is 
illustrated in Figure 7 .  

Comparison of Figures 1 , 2 , 3  & 4 shows that any coal liquid sample can be 
separated over a 10 ml THF flow time. The first five fractions contain most of 
the nondistillables and the latter five fractions have most of the distillables. 

The broad absorbing peak at 3400 cm-l in all spectra shown in Figures 5-7 
indicate the species with phenolic or alcoholic hydroxy groups. The 
nondistillables from all four liquefactions experiments have species with 
hydroxyl group in the first six SEC fractions. SEC fractions 7 through 10 
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showed smaller amounts of  phenols i n  two experiments(TEH 11 & 22) and very 
l i t t l e  i n  the other  two experiments (THE 13 C 23). The product from the  two 
s h o r t  r e  c t i o n  time experiments (TEH - 13 and 22) have a l a r g e r  broad peak a t  
3400 cm-' ind ica t ing  more la rge  molecular s i z e  phenols than the  product produced 
i n  the two longer r e a c t i o n  time experiments (TEH 11 and 23). The absorption due 
t o  the  phenolics reaches a maximum f o r  SEC f r a c t i o n  6 f o r  two runs (TEH 22 & 23) 
where s u p e r c r i t i c a l  water was the  solvent ,  and a t  SEC f r a c t i o n  4 f o r  one run 
(TEH-11) where anthracene o i l  and long reac t ion  time were used. Short  reac t ion  
time experiment (TEH-13) r i t h  anthracene o i l  followed an intermediate t rend .  
The absorption a t  2900 c m -  due t o  a l k y l  groups maximized i n  SEC f r a c t i o n  5 f o r  
a l l  coal l i q u i d  samples. 

The broad absorpt ion peak a t  1700 cm-' is  due mostly t o  var ious carbonyl 
groups. Short reac t ion  time experiments (TEH-13 & 22) showed an increase i n  the  
amount of carbon 1 groups i n  SEC f rac t ions  2-5 as  ind ica ted  by t h e  s ing le  broad 
peak a t  1700 cm- . Longer reac t ion  t i m e  experiments (TEH 11 & 23) show smaller  
absorptions i n  SEC f r a c t i o n s  2-5 with a s p l i t  broad peak. Longer reac t ion  time 
experiment (TEH-11) showed an increase i n  the  amount of carbonyl absorption i n  
SEC f rac t ion  6-10, compared t o  t h e  shor te r  reac t ion  time experiment (TEH - 1 3 ) .  
The absorption at  1600 cm-l appears to  be due t o  aromatic species  with 
subs t i tuents  such as  a l k y l ,  carbonyl and hydroxy groups. These spec ies  d id  not  
show any t rend i n  any o f  the SEC f r a c t i o n s ,  o r  with reac t ion  condi t ions.  

7 

CONCLUSION 

The use of  Microbeam accessory and the  spot t ing  of  the  sample on the  KBr 
p e l l e t  enables t h e  s tudy of small samples of  coa l  l i q u i d s  by FT-IR combined with 
SEC. The ana lys i s  time i s  s h o r t  and reproducible. The complex and unknown 
chemical composition o f  nondis t i l l ab les  in  coa l  l i q u i d s  makes the  determination 
of the  chemical s ign i f icance  of  each I R  absorpt ion peak ra ther  d i f f i c u l t .  This 
is p a r t i c u l a r l y  the  case with the  l imited number of  experiments used i n  t h i s  
r e p o r t .  But it appears t h a t  the  n o n d i s t i l l a b l e s  and d i s t i l l a b l e s  contain 
species  with s i m i l a r  func t iona l  groups. The determinat ion of the  s t r u c t u r e  of  
n o n d i s t i l l a b l e s  may be poss ib le  by use of the  FT-IR d a t a ,  and by ex t rapola t ion ,  
using the known chemical nature  of  major species  i n  d i s t i l l a b l e s .  
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Table 1. Liquefaction conditions 

CO H2S Time Max P Solvent 
(min.) (MPa) 

H2 Run No. Temp. 
(K) (%) (%) (%) 

TEH-11 681 38.4 44.1 17.5 22.8 29.2 A04 
TEH-13 690 38.4 44.1 17.5 4.4 23.2 A04 
TEH-22 695 33.2 41.8 25.0 4.5 34.6 n20 
TEH-23 695 33.2 41.8 25.0 19.8 34.6 H20 

Table 2. The Percentage yields based on dmmf lignite. 

Run No. NDTHFS Distillables 

TEH-11 

TEH-22 
TEH-23 

TEH-13 
30.40 
50.76 
33.04 
47.22 

49.93 
6.79 
16.38 
18.58 

THF - Tetrahydrofuran, NDTHFS - THF soluble nondistillables 
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Fig. 1 SEC separa t ion  of Wyodak recycle  Fig.  3 SEC separa t ion  of THF soluble  
solvent. The reconstructed chromatogram n o n d i s t i l l a b l e  from l iquefac t ion  exp- 
is shown t o  i l l u s t r a t e  t h e  s i z e  d i s t r i b u t i o n  
var ious chemical spec ie s .  

eriment TEH-11. The s o l i d  ctlrve shows 
t h e  ARI responded. 

LII 35 401 

Fig. 2 SEC separat ion of Anthrazene o i l  
which was used i n  l i q u e f a c t i o n  experiment 
TEH-11. The s o l i d  curve shows t h e  A R I  
responded. 

40t 

10 2’0 

Fig. 4 SEC separat ion of THF so luble  
products from l iquefac t ion  experiment 
TEH-11. The s o l i d  curve shows t h e  A R I  
responded. 
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Fig 5. 
under supercritical condition. 

FT-IR spectra of SEC frs. of nonvolatiles from Zap-2 lignite liquefield using water 
See Table 1 & 2 for the reaction conditions & yield of TEH 22. 
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Fig 7.  
liquefaction experiments - A = TEH 13 and B= TEH 11 c= TEH 22 and D=TEH 23. 

Comparison of FT-IR spectra of SEC fractions of non distillate obtained from four 
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Luminescence i n  Coal.  The E f f e c t  of Mineral Ma t t e r ,  A i r ,  and Swell ing 

Rita K .  Hessley 

Department of Chemistry,  Western Kentucky Unive r s i ty ,  Bowling Green, KY 42101 

Introduction 

Based on t h e  work of Coyne e t  a1 (11, who showed t h a t  simple dehydrat ion of c l a y  
minerals  r e s u l t s  i n  measurable spontaneous emmission of l i g h t ,  we have undertaken t h e  
i n v e s t i g a t i o n  of  spontaneous l i g h t  emmission i n  c o a l s  ( 2 ) .  Coal is f r e q u e n t l y  found  
i n  r e g i o n s  where c l a y  minerals  are abundant.  Following Coyne, our i n i t i a l  s tudy ( 2 )  
monitored l i g h t  e m i s s i o n  f r o m  c o a l  when a n  a q u e o u s  s l u r r y  of  m i c r o n i z e d  c o a l  was 
subjected t o  dehydra t ion  o v e r  CaS04. That  work showed t h a t  luminescence d i d  occur i n  
a c o a l  con ta in ing  r e l a t i v e l y  l i t t l e  ino rgan ic  m a t e r i a l  (3% ash )  a s  w e l l  a s  i n  a coa l  
with a s u b s t a n t i a l l y  h i g h e r  (18%) c o n t e n t  of mineral  ma t t e r .  

Several  ques t ions  a r o s e  from t h a t  s tudy.  I n  p a r t i c u l a r ,  because t h e  add i t ion  of 
a s  l i t t l e  as 1-25 (w/w) k a o l i n i t e  t o  a c o a l  s ample  e x h i b i t e d  a marked i n c r e a s e  jrt 
l u m i n e s c e n c e ,  i t  was c r i t i c a l  t o  determine,  if p o s s i b l e ,  whether t h e  photon r e l e a s e  
was caused only by t h e  mine ra l  ma t t e r  c o n t e n t  and n o t  by t h e  e f f e c t  of dehydrat ion on 
t h e  c o a l  s t r u c t u r e  i t s e l f .  Thus, one g o a l  of t h i s  phase of t h e  i n v e s t i g a t i o n  was t o  
look for spontaneous luminescence i n  a sh - f r ee  c o a l .  

A second ques t ion  was whether t h e  phenomenon was r e l a t e d  t o ,  or d e p e n d e n t  u p o n ,  
e x c i t a t i o n  of t h e  oxygen or n i t rogen  i n  air .  Thus, t h e  second g o a l  of t h i s  work was 
t o  examine samples prepared w i t h  t h e  exclusion of a i r .  

F i n a l l y ,  Coyne e t  a1 ( 3 )  have  a l s o  shown t h a t  h a c j j r i i t r s  e x h i b i t  pronounced 
s p o n t a n e o u s  l u m i n e s c e n c e  a s  t h e y  swell i n  a slurry p p e p a r e d  w i t h  va r ious  amine:., 
Because c o a l ,  a l s o ,  g e n e r a l l y  swe l l s  r e a d i l y  i n  amine s o l v e n t s ,  s e v e r a l  measu remen t s  
were c a r r i e d  o u t  t o  d e t e r m i n e  w h e t h e r  c o a l  l u m i n e s c e n c e  c o u l d  b e  d e t e c t e d  a s  a 
funct ion of sol v e n t  swell in&.  

EXPERIMENTAL 

-n of S W  

The c o a l  used for t h i s  s tudy is a Western Kentucky hvA b i t u m i n o u s  c o a l  o b t a i n e d  
from t h e  Wes te rn  Kentucky U n i v e r s i t y  C e n t e r  for Coa l  S c i e n c e .  A summary of t h e  
a n a l y s i s  of t h e  c o a l  is g iven  i n  Table  I. 

Table  I 

Ana lys i s  of Coal Bank Sample a86025 
----- - --------_I__ _ _  - __ 

Moisture(as  d e t . )  4.07 Carbon 66.74 
Ash 15.50 Hydrogen 4.59 
VM 35.3 Nitrogen 1.42 

BTU 11,012 Oxygen(diff1 6.71 
f ixed  Carbon 49.2 Sulfur 4.55 

~------ll------------l_-----------l_lll-_--l-- 

A por t ion  o f  t h e  60-mesh coal  was b e n e f i c i a t e d  i n  ZnCl media of s p e c i f i c  g r a v i t y  
Af t e r  c l e a n i n g ,  t h e  r ecove red  c o a l  was m i c r o n i z e d  ‘for 2 m i n u t e s  i n  a Union 

Th i s  e f f e c t i v e l y  reduced t h e  average 
Unbeneficiated 60-mesh c o a l  was sub jec t ed  

The 

1.30. 
P r o c e s s  Nodel  1-S s t i r r e d  b a l l  a t t r i t o r  m i l l .  
p a r t i c l e  s i z e  of t h e  sample t o  10 microns.  
t o  exhaust ive s o l v e n t  e x t r a c t i o n  wi th  r e f l u x i n g  Dimethylformamide (DMF) under N2.  
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r e s idue  was then  washed r epea ted ly  with r e f lux ing  methanol under  N befo re  being d r i e d  
i n  a vacuum oven .  T h e  e x t r a c t e d  m a t e r i a l  was r ecove red  from t h e  DMF and was a l s o  
washed, and d r i ed  in vacuo. 

The a s h  from t h e  same c o a l  was o b t a i n e d  a c c o r d i n g  t o  ASTM D3173. The a s h  
a n a l y s i s  is shown i n  Table  11. 

T a b l e  I1 

Major and Minor Metal Oxides i n  Ash from Coal Bank Sample 586025 

ELK 
42.9 
16.3 
33.3 

1.10 
.51 

1.46 
.04 

€&-a2 
41.4 
19.7 
21.2 

.61 

.33 
1.10 

.01 

\ ement o f  Lu- 

S p o n t a n e o u s  l u m i n e s c e n c e  was measured a s  a f u n c t i o n  o f  t i m e .  S i n g l e  photon 
nionltoring was c a r r i e d  out us ing  t h e  Packard Model 1500 "TriCarb" l i q u i d  s c i n t i l l a t i o n  
coun te r .  Data were r e c o r d e d  a s  cvur!t.r per r . . ? ' r i l , f f  :-1'6 bere p r i n t e d  a t  one  n , Jnu te  
i n t e r v a l s  f o r  95 minute maximum monitoring pe r iod .  

A s ample  s l u r r y  was p r e p a r e d  by d i r e c t  we igh ing  and mixing o f  t h e  s o l i d  and 
water. Typ ica l ly ,  a coa t ing  o f  about 2.5 cm was app l i ed  t o  t h e  i n s i d e  o f  a s t a n d a r d  
s c i n t i l l a t i o n  vial above about  1 cm o f  i n d i c a t l n g  CaS04. For a l l  trials, t h e  s l u r r y  
was app l i ed  manually and it was d i f f i c u l t  t o  apply p r e c i s e l y  t h e  same amount o f  sample 
each t ime. Genera l ly ,  80-120 mg s a m p l e s  were u s e d  which ccnsJat.r:d c .2"  ::t l e a s t  a 
water :coal  r a t i o  o f  2 : l .  For swe l l ing  experiments ,  t h e  method desc r ibed  by Coyne ( 3 )  
was used t o  p repa re  t h e  samples.  Py r id ine  and DMF were used as t h e  swelling s o l v e n t s .  
To p repa re  samples i n  an  a i r - f r e e  environment,  a s t ream o f  argon was used t o  purge t h e  
v i a l  p r i o r  t o  and during a p p l i c a t i o n  o f  t h e  s l u r r y .  

1 

i 

RESULTS AND DISCUSSION 

F igure  1 shows a p o r t i o n  o f  t h e  photon output  f o r  t h e  dehydra t jo t s  <Jr t.he whole 
c o a l  186025  (15 .5% a s h ) .  A s  i n  our previous s tudy ,  t h e  photon count  was observed t.o 
decay  m o n o t o n i c a l l y  u n t i l  s p o n t a n e o u s  l v n ~ i n e s c e n c e  o c c u r r e d  a t  some t i m e  a f t e r  
i n j t i a t i o n  of d r y i n g .  F i g u r e  2 shows d a t a  for t h e  bene f i c i a t ed  sample (1.25% a s h ) .  
These d a t a  c o n f i r m  our e a r l i e r  o b s e r v a t i o r l s  t h a t  e v e n  low a s h  c o a l s  e x h i b i t  
l u m i n e s c e n t  b e h a v i o r .  F igu re  3 shows t h a t  e x t r a c t i o n  r e s idue ,  which r e t a i n s  most i f  
n n t  a l l  o f  t h e  inorganic  ma t t e r  in c o a l ,  a l s o  d i s p l a y s  spontaneous luminescence during 
dehydrat ion.  The t r a c e s  i n  t h e s e  f i g u r e s  canno t  be compared d i r e c t l y  wi th  r ega rds  t o  
t h e  t ime r e q u i r e d  f o r  t h e  o n - s e t  o f  p h o t o n  enmJ:i:.jcrt r r c ~  r j t h  r e g a r d s  t o  t h e  
i n t e n s i t y .  O u r  e a r l i e r  work showed t h a t  t i m e  and i n t e n s i t y  d i f f e r e n c e s  between 
samples a r e  dependent on t h e  sample s i z e  ( t h i c k n e s s )  and t o t a l  moisture  c o n t e n t .  

F i g u r e  4 s h o w s  t h e  t r a c e  of c o u n t s  p e r  m i n u t e  w i t h  time fo r  t h e  m a t e r i a l  
ex t r ac t ed  from c o a l  with r e f lux ing  DMF. This  m a t e r i a l  is e s s e n t i a l l y  a s h - f r e e ,  and 
shows no s p o n t a n e o u s  l u m i n e s c e n c e  d u r i n g  t h e  p e r i o d  m o n i t o r e d .  This is s t r i k i n g  
evidence t h a t  a sh - f r ee  c o a l  does n o t  e x h i b i t  l u m i n e s c e n t  b e h a v j o r .  Kif c o u r s e ,  t h e  
e x t r a c t  f r o m  a d d j t l o a a l  s a m p l e s  n e e d s  t o  be s t u d i e d  i n  o r d e r  t o  c o n f i r m  t h i s  
observat ion Conclusively.  Measurement of photon e m i s s i o n  i n  recovered a sh  (F igu re  5) 
was d i f f i c u l t  t o  measure and  was n o t  n e a r l y  a s  i m p r e s s i v e  i n  i t s  i n t e n s i t y  a s  is 
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obse rved  w i t h  k a o l i n i t e  ( 1 ) .  The a s h  was v e r y  g r a n u l a r  and d i f f i c u l t  t o  g r i n d  
s u f f i c i e n t l y  f i n e  t o  p repa re  a smooth pas t e .  It may a l s o  b e  i m p o r t a n t  t h a t  t h e  a s h  
o b t a i n e d  from t h e  coal used  i n  t h i s  s t u d y  was brick-red and contained 33.3 I ( w h )  
I ron  oxide and, correspondingly,  a smaller quan t i ty  o f  aluminum and s i l i c o n  o x i d e s .  
For compar i son ,  t h e  luminescence  during dehydrat ion f o r  a coa l  ash containing much 
l e s s  i r o n  oxide (based on its white  c o l o r a t i o n )  was recorded and is shown i n  Figure 6 .  
These d a t a  suggest  t h a t  pho ton  emmission from a s h  may b e  a f f e c t e d  by i t s  o v e r a l l  
composition. 

A l l  a t t e m p t s  t o  i n d u c e  measurable photon emmission i n  e i t h e r  whole c o a l  o r  Coal 
e x t r a c t  by so lven t  swe l l ing  have been unsuccess f i l .  One explanat ion is t h a t  t he  small 
(mg) q u a n t i t i e s  o f  c o a l  being used s w e l l  r a p i d l y  enough i n  t h e  two amine s o l v e n t s  
t e s t e d  t h a t  luminescence accompanying swel l ing may be d i s s ipa t ed  i n  t h e  time requ i r ed  
t o  g r ind  and p repa re  t h e  sample ( 3 ) .  These e x p e r i m e n t s  are  b e i n g  c o n t i n u e d  usJng 
o the r ,  less vigorous,  swe l l ing  so lven t s .  

Using k a o l i n i t e ,  t h e r e  i s  no change  obse rved  f o r  spontaneous luminescence i n  
samples prepared under  argon. However, t h e r e  remains some quest ion whether t h e  sample 
v i a l s  a r e  a i r - t i g h t  t h r o u g h o u t  t h e  c o u n t i n g  p e r i o d .  Thus,  our i n i t i a l  t r i a l s  t o  
determine the  e f f e c t  of a i r  on t h e  presence and i n t e n s i t y  o f  spontaneous luminescence 
i n  c o a l  a r e  incomplete.  

CONCLUSIONS 

It has  been shown t h a t  spontaneous luminescence  i n  c o a l  d u r i n g  d e h y d r a t i o n  is 
dependent d i r e c t l y  on t h e  a s h ,  or mineral ma t t e r  con ten t  o f  t h e  coa l .  I n  t h e  absence 
of any a s h ,  no photon emmission is o b s e r v e d .  Coal  e x t r a c t i o n  r e s i d u e  r e t a i n s  t h e  
p r o p e r t y  of l uminescenc  during dehydrat ion;  c o a l  ash a l s o  e x h i b i t s  luminescence, bu t  
appears  t o  be iffected s t z x ~ l y  by the prcsenoa of  Oxide (or by t h e  a c t u a l  c l a y  
m i n e r a l  c o n t e n t ) .  Q u a n t i t i e s  o f  a s h  a s  small as a few percent  by weight d i spe r sed  
throughout t h e  c o a l  ma t r ix  are s u f f i c i e n t  t o  cause t h e  phenomenom t o  b e  o b s e r v a b l e .  
Work i s  cont inuing t o  exp lo re  t h e  effects o f  a i r  and s o l v e n t  swel l ing.  
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DETERMINATION OF COMPOUND CLASS COMPOSITION OF OIL FRACTIONS OF SOME 
COAL LIQUIDS BY ANALYTICAL LIQUID CHROMATOGRAPHY 

B. Chawla and B. H. Davis 

Kentucky Energy Cabinet Laboratory 
P. 0. Box 13015 

Lexington. KY 40512 

ABSTRACT 

A high-performance liquid chromatography method was developed to determine 
the amount of each of the compound classes (such as saturates, aromatics and 
polars) in the oil fraction (pentane soluble fraction) of coal liquids. The 
method utilizes bonded cyanosilane and aminocyanosilane columns and mixtures 
of benzene in E-hexane and tetrahydrofuran in methyl w-butyl ether as 
mobile phases. A Tracor LC-rotating disc flame ionization detector was used 
to quantify the chromatographic peaks. 

Oil fractions derived from different rank coals, liquefied at 385O and 
445OC, were analyzed for their compound class compositions. The trends in 
the percentages of saturates, aromatics and polars varied with liquefaction 
temperature and coal rank. 

INTRODUCTION 

The products from coal liquefaction processes are so complex that it is 
almost impossible to completely analyze them. Therefore, following a 
practical approach widely used with petroleum, the coal liquids are divided 
into solubility classes such as: (i) oils - pentane soluble, (ii) asphaltenes 
- benzene soluble, pentane insoluble, and (iii) preasphaltenes - pyridine or 
tetrahydrofuran (THF) soluble, benzene insoluble. 

To obtain data suitable for mechanistic considerations, it is essential 
that fractions or classes of compounds obtained from coal liquefaction 
processes be quantitatively analyzed in more detail. Such efforts have been 
made recently, but there remains much to be learned about the compositions of 
these three solubility classes of coal products. A commonly used method for 
separation and/or analysis of the coal liquids is based on liquid 
chromatographic fractionation in terms of major components such as saturates, 
aromatics, more polar aromatics (non-basic N, 0, S - heterocyclics), 
monophenols, basic nitrogen heterocyclics, polyphenols, and non-eluted 
unidentified materials. 

One method was developed in 1976 by Farcasiu (1); it has also been used 
recently by Winans et al. (2) to characterize materials extracted, using 
benzene-methanol as a solvent, from several Argonne Premium Coal Samples. To 
understand the liquefaction behavior of a number of coals, separations of oil. 
asphaltene and preasphaltene fractions of coal liquids have also been reported 
(3-12). However, these chromatographic techniques are laborious and time 
consuming. To the best of our knowledge, the high-performance liquid 
chromatography (HPLC) coupled with the LC-Flame Ionization Detector (FID) have 
not been used for characterization and/or quantitation of coal liquids. 
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The purpose of our investigation was to adopt an analytical HPLC technique 
for separation and quantitation of oil fractions (pentane-soluble) of coal 
liquefaction products in terms of three compound classes such as saturates, 
aromatics, and polars. To learn if our HPLC procedure was suitable for oil 
fractions of supposedly different compositions, we have analyzed the o i l  
fractions obtained from the liquefaction of coals of different rank at two 
reaction temperatures (385OC and 445OC). 

EXPERIHENTAL 

The HPLC system consisted of two solvent delivery systems (Waters 6000A 
pumps), three Valco six-port valves. a Tracor 945 LC-FID and Nelson Analytical 
3000 Chromatography System equipped with an ITTIXT computer and a Nelson 
Analytical Series 7 6 0  converter with a minimum detectable capability of 0.1 
microvolt-second. Two analytical columns were used: a cyano column (Supelco 
5 p m  LC-CN, 25 cm x 4.6 m i.d.) and an amino-cyano column (Whatman 5 p m  
PAC, 25 em x 4.6 i.d.). Hixtures of benzene in %-hexane and tetrahydrofuran 
(THF) in methyl --butyl ether (UTBE) were used as mobile phases. HPLC 
grade commercial solvents were used as received. However, the mobile phases 
were always degassed through a vacuum system just before their use. Of the 
several solvent flow rates that were tried, 1.0 to 1.5 ml/min was found to be 
the most suitable. 

Following Pearson and Gharfeh's HPLC procedure (13) for the determination 
of hydrocarbon types in crude oil residues, we have used a rotating disc flame 
ionization detector (Tracor 945 LC-FID) developed by Tracor Inc. (14). The 
FID appears to be one of the few detectors among the various detectors usen sn 
far in HPLC procedures which tolerate a change from a nearly non-polar to a 
highly polar solvent system and can at the same time, be unaffected when the 
pressure drifts due to back and forth switching of the valves during a run. 

In a typical run, the total column effluent is applied onto a fibrous 
quartz belt mounted on a rotating disc. As the disc rotates in the heated 
housing, the volatile solvent is vaporized and removed from the housing with 
the help of a vacuum pump. Non-volatile solutes remain on the fibrous belt 
and are carried into the flame where they are combusted and detected. 

The operational logic of the HPLC system is shorn in Figure I. During 
Step I, pump A (1.0 ml/min) with benzene solution in hexane was turned on. 
The switching valves were set in such a way that the mobile phase went first 
to the cyano column, then to an amino-cyano column and finally to the detector 
(see Figure I). This arrangement allowed the polar molecules to be retained 
by the cyano column and the aromatics to be retained by the amino-cyano 
column. About 3 to 4 minutes after the emergence of a saturates peak from the 
amino-cyano column, the system was switched to Step 11. In Step 11, the cyano 
column was isolated. Pump A was switched off and pump B with THF in methyl 
tert-butyl ether (MTBE), was operated at a flow rate of 1.0 mlhin. This 
arrangement allowed the retained aromatics to be backflushed from the 
amino-cyano column. Once the saturates and aromatics have been eluted, the 
system was switched to the final operation Step I11 where polars were 
backflushed from the cyano column using the THF/MTBE mobile phase. Upon 
completion of the separation, the system was brought back to its initial 
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conditions by reequilibriating the columns with benzene-hexane mixture. 
typical chromatogram is shown in Figure 11. 

A 

Liquefaction miis were made at two temperatures, 385O and 445OC, for 
15 min. or 45 min. using tetralin as a solvent and a hydrogen atmosphere (800  
psig, ambient). Typically 5g of dried coal and 7.5 g of tetralin were used 
for a run (see (15) for more experimental details). At the end of the 
experiment the reactor products were quantitatively removed and separated into 
three solubility classes through Soxhlet extractions. 
our HPLC analyses. 

The oils were used for 

RESULTS AND DISCUSSION 

A number of coals were used in this study (Table 1). They were selected 
to cover the rank range, based upon 'kC(daf) or vitrinite reflectance, that is 
present in the western Kentucky coals. A Breckinridge sample, an unusual coal 
that approaches the properties of a cannel coal, was also included in the 
study. 

It was pointed out earlier that the FID detector could tolerate the 
solvent changes and the pressure drifts employed in the study. However, it is 
necessary to determine a relative response factor (ions produced/unit mass) 
for the various compound classes of the oil. In order to accomplish this, it 
was important to have aliphatics, aromatics and polars with compositions that 
are similar in chemical compositions as those of these components in the 
investigated oil fractions. The oil fractions obtained from coal liquefaction 
runs contained about 90-95% tetralin, the solvent used in this reactions; the 
preparative liquid chromatography of these samples over silica gel was not 
fruitful. Therefore, the oil fraction of a sample (V-1064) from the first 
stage reactor of the Wilsonville, Alabama coal liquefaction plant was used to 
carry out a larger scale separation. 

The LC separation was performed using freshly activated silica gel 
(4OO0C overnight) and hexane, benzene and THF as the mobile phases. 
was used to elute the aliphatics from the column and 15% benzene in hexane was 
used to elute the aromatics. Finally, the column was backflushed with THF to 
obtain a polar fraction. 
tested for completeness of separation with the analytical HPLC procedure 
described in this report and were found to be of acceptable purity (>98%). A 
GC of the aliphatic fraction showed that it contained C15 - C37 
hydrocarbons; these were mostly normal alkanes. Alkanes with a carbon number 
greater than C37 are present in very small amounts. 
not detected in any significant amount. 

The absolute response factors for saturate, aromatic and polar fractions 

Hexane 

The aliphatic, aromatic and polar fractions were 

Other components were 

were obtained from the slopes of the linear plots (Figure 111) of the peak 
areas versus their mass (over a range of concentration of 
0-20 p g / p L ) .  Their relative response factors, as areahass. are in the 
ratio of 1:2.16:1.23 for saturates : aromatics : polars. 

The precision and reproducibility of the data were established by making 
six repeated measurements on the separation of one of the oils used in this 
study. 
aromatics and polars were determined to be within 2%, 2% and 4-5% respectively. 

The maximum uncertainties in the weight percentages of saturates, 
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Finally, the oil fractions obtained from the liquefaction of eight coals 
at 385O and 445OC were analyzed. 
The following observations may be made for the data in Tables 1 and 2: 

The results are presented in Table 2. 

The relative aliphatic percentages decrease with an increase in 
reaction temperature for all the coals studied with the exception of 
Breckinridge coal sample which shows the opposite effect but this is 
what should be anticipated for this type of coal. 

The aromatic percentages remained almost constant with the increase 
in temperature for most of the coals including the Breckinridge 
sample. 

The polar percentages increased with an increase in temperature for 
all the coals except the Breckinridge sample. 

Aliphatic, aromatic and polar percentages do not show a systematic 
trend with the coal rank. However, the data at 445OC (see Table 2) 
show that aliphatics tend to decrease with decreasing coal rank. 

With the exception of the Breckinridge sample, the aliphatics, 
aromatics and polars are generally in the ratio of 1:2:5 (Table 2). 

Irrespective of the liquefaction temperature, the oil fractions from 
the Breckinridge coal contain extremely large amounts of aliphatics 
(45.8% and 55.4%) small amounts of aromatics (7.8% and 7.9%) and 
polars (46.4% and 36.7%) compersd to thnse of other coalc 
(aliphatics, 9-18%; aromatics, 19-28% and polars, 55-69%). 
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Table 1. Coal Analysis. 

W. Ky. #9 Brecklnridge W. Ky. #9 W. Ky. #9 
71154 71160 71148 71072 

1. Ash (As-Received) 30.03 6.36 

2. Volatile Matter, daf 47.83 74.28 

3. Fixed Carbon, daf 52.17 25.72 

4. Sulfate S, daf 0.00 0.01 

5. Pyritic S, daf 1.47 1.23 

6. Organic Sulfur, daf 2.27 0.55 

7. Total Sulfur, daf 3.74 1.81 

8. Carbon, daf 84.99 80.66 

9. Hydrogen, daf 6.16 8.51 

14.87 9.04 

46.10 42.90 

53.90 57.10 

0.17 0.14 

1.35 0.53 

1.70 1.91 

3.22 2.57 

79.59 79.19 

5.62 5.44 

10. Nitrogen, daf 

11. Oxygen, daf 

1.98 2.13 1.90 2.00 

3.13 6.90 9.67 10.80 

W. Ky. #11 W. Ky. #11 W. Ky. #11 W. Ky. #9 
7 1064 71081 71077 -' 71095 

1. Ash (As-Received) 9.56 4.43 9.06 14.80 

2. Volatile Matter, daf 47.47 43.23 

3. Fixed Carbon, daf 52.53 56.77 

4. Sulfate S. daf 0.06 0.17 

5. Pyritic S .  daf 1.06 0.64 

6.  Organic Sulfur, daf 3.11 2.21 

7. Total Sulfur, daf 4.23 3.01 

8. Carbon, daf 78.80 78.28 

41.74 43.73 

58.26 56.27 

0.75 0.68 

2.09 4.48 

3.35 3.27 

6.19 8.43 

76.96 76.63 

9. Hydrogen, daf 

10. Nitrogen. daf 

5.85 5.52 5.37 5.10 

1.70 1.70 1.63 1.70 

11. Oxygen, daf 9.42 11.49 9.85 8.14 

Oxygen by difference. 
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Table 2. HPLC Analysis of Oil Fractions at 385OC and 445OC. 

Weinht % 

Coal Number 

71154 (W. Ky. #9) 

Breckinridge 

71148 (W. Ky. #9) 
71072 (W. Ky. #9) 

71064 (W. Ky. #11) 

71081 (W. Ky. #11) 

71077 (W. Ky. #11) 

71095 (W. Ky. #9) 

445% 15 &Utes 

Auuhatic Ammatic Polar. 

84.99 

80.66 

79.59 

79.19 

78.80 

78.28 

76.96 

76.63 

13.2 

45.8 

15.0 

18.4 

13.9 

11.0 

12.2 

. 16.6 

24.1 62.7 

7.8 46.4 

20.4 64.6 

21.6 60.0 

19.3 66.8 

24.3 64.7 

25.5 62.3 

28.2 55.2 

12.8 

55.4 

11.5 

12.1 

10.2 

9.7 

9.2 

8.8 

23.3 63.9 

7.9 36.7 

20.3 68.2 

19.7 68.2 

20.3 69.5 

20.5 69.8 

24.5 66.3 

22.0 69.2 
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STEP I 
Pump A: On; Pump 6: Off 

2 3 Waste 

Cyano Amino- Detector 
Column Cyano 

Column 

STEP I1 
Pump A: Off; Pump B: On 

Pump B -1 

STEP Ill 

3 Waste 

Figure I. Operation of HPLC system. 

7.8 min. 
Aliphatics 

18.2 min. 
Aromatics 

Figure 11. A typical chromatogram of an oil fraction 
separation. 
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TEE ANALYSIS OF TEE ORGANIC WATTER IN CEATTANOOGA SHALE BY 
OXIDATION WITE PERCELORIC ACID 

B o b b y  J .  S t a n t o n  a n d  C h r i s  W .  McGowan 

D e p a r t m e n t  o f  C h e m i s t r y  
T e n n e s s e e  T e c h n o l o g i c a l  U n i v e r s i t y  

C o o k e v i l l e ,  T e n n e s s e e  38505 (USA) 

A k e r o g e n  c o n c e n t r a t e  was p r e p a r e d  f r o m  a raw C h a t t a n o o g a  
s h a l e  s a m p l e .  T h e  k e r o g e n  c o n c e n t r a t e  was o x i d i z e d  i n  a s t e p w i s e  
f a s h i o n  b y  v a r y i n g  t h e  b o i l i n g  p o i n t ,  a n d  s u b s e q u e n t  
c o n c e n t r a t i o n  a n d  o x i d i z i n g  s t r e n g t h  o f  p e r c h l o r i c  a c i d .  T h e  
p r o g r e s s  o f  t h c  r e a c t i o n  w a s  m o n i t o r e d  w i t h  r e s p e c t  t o  t h e  a m o u n t  
o f  u n d i s s o l v e d  m a t e r i a l ,  t h e  c o l o r  o f  t h e  a q u e o u s  p h a s e ,  a n d  t h e  
c o n v e r s i o n  o f  c a r b o n  t o  c a r b o n  d i o x i d e .  T h e  d i s s o l u t i o n  o f  
k e r o g e n  o c c u r r e d  b e t w e e n  1 5 0 - 1 8 0 ° C .  T h e  c o l o r  i n t e n s i t y  o f  t h e  
a q u e o u s  p h a s e  r o s e  t o  a m a x i m u m ,  t h e n  f a d e d  t o  c l e a r  a t  203OC. 
T h e  maximum c o l o r  c o r r e s p o n d e d  t o  t h e  d i s s o l u t i o n  o f  k e r o g e n .  T h e  
p e r c e n t a g e  o f  c a r b o n  c o n v e r t e d  t o  c a r b o n  d i o x i d e  w a s  n e g l i g i b l e  
w h e n  t h e  b o i l i n g  p o i n t  o f  p e r c h l o r i c  a c i d  was b e l o w  150OC. Above 
1 5 O o C .  t h e  c a r b o n  c o n v e r t e d  t o  c a r b o n  d i o x i d e  r o s e  a l m o s t  
l i n e a r l y .  P o l a r  u n s a t u r a t e d  c a r b o x y l i c  a c i d s  w e r e  i n d i c a t e d  a s  
t h e  m a j o r  o x i d a t i o n  p r o d u c t s .  

F o r  s o m e  t i m e  w o r k c r s  h a v e  a t t e m p t e d  t o  c h a r a c t e r i z e  t h e  
k e r o g e n  p r e s e n t  i n  o i l  s h a l e s .  K e r o g e n  i s  a h i g h  m o l e c u l a r  
w e i g h t ,  p o l y m e r i c  m a t e r i a l  w h i c h  i s  s a i d  t o  b e  i n s o l u b l e  i n  
common o r g a n i c  s o l v e n t s .  I n  o r d e r  t o  c h a r a c t e r i z e  t h e  k e r o g e n  i n  
o i l  s h a l e ,  i t  h a s  b e e n  n e c e s s a r y  t o  d e s t r o y  t h e  k e r o g e n  b y  
o x i d a t i v e  d e g r a d a t i o n  o f  t h e  k e r o g e n  m a t r i x  w i t h  s u b s e q u e n t  
a n a l y s i s  o f  t h e  o x i d a t i o n  p r o d u c t s .  A n a l y s i s  o f  t h e  s o l u b l e  l o w e r  
m o l e c u l a r  w e i g h t  o x i d a t i o n  p r o d u c t s  h a s  y i e l d e d  i n s i g h t  i n t o  t h e  
n a t u r e  o f  t h e  s t r u c t u r e  o f  k e r o g e n  i n  o i l  s h a l e .  

L e o n a r d  ( 1 )  u s e d  3.5 p e r c e n t  o z o n e  t o  o x i d i z e  C h a t t a n o o g a  
s h a l e .  S i m i l a r  e t h e r  a n d  w a t e r  s o l u b l e  a c i d s  w e r e  e x t r a c t e d  f r o m  
t h e  r a w  s h a l e  a n d  a k e r o g e n  c o n c e n t r a t e  p r e p a r e d  f r o m  t h e  raw 
s h a l e  s a m p l e .  T h e  o z o n i z a t i o n  p r o d u c t s  were p r j m a r i l y  a l i p h a t i c  
h y d r o x y  a c i d s .  O z o n o l y s i s  o f  t h e  k e r o g e n  o f  C h a t t a n o o g a  o i l  s h a l e  
b y  K i n n c y  a n d  L e o n a r d  ( 2 )  y i e l d e d  h i g h l y  o x y g e n a t e d  e t h e r  a n d  
w a t e r  s o l u b l e  a c i d s .  K i n n e y  a n d  S c h w a r t z  (3) o x i d i z e d  C h a t t a n o o g a  
s h a l e  w i t h  a i r  a t  2 0 0 ° C  f o r  2 0 0  h o u r s  t o  p r o d u c e  t h e  m a x i m u m  
a m o u n t s  o f  h u m i c  a c i d s .  The  a c i d s  w e r e  s i m i l a r  t o  t h o s e  o b t a i n e d  
f r o m  c o a l ,  a n d  were q u i n o i d  i n  n a t u r e .  

T h i s  p a p e r  d e s c r i b e s  t h e  c h a r a c t e r i z a t i o n  o f  t h e  k e r o g e n  o f  
C h a t t a n o o g a  o i l  s h a l e  b y  o x i d a t i v e  d e g r a d a t i o n  w i t h  p e r c h l o r i c  
a c i d  o f  v a r y i n g  b o i l i n g  p o i n t .  S m i t h  ( 4 )  d e m o n s t r a t e d  t h a t  t h e  
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a p p a r e n t  r e d u c t i o n  p o t e n t i a l  o f  p e r c h l o r i c  a c i d  i n c r e a s e s  s h a r p l y  
a s  t h e  b o i l i n g  p o i n t  r i s e s  a b o v e  1 5 0 ° C  a n d  t h e  c o n c e n t r a t i o n  
i n c r c a s c s .  A s t e p w i s e  o x i d a t i o n  o f  t h c  k e r o g c n  c a n  be  e f f e c t e d  by 
i n c r e a s i n g  t h e  b o i l i n g  p o i n t  a n d  s u b s e q u e n t  o x i d i z i n g  a b i l i t y  o f  
p e r c h l o r i c  a c i d .  T h i s  s t u d y  was a n a l o g o u s  t o  t h e  w o r k  c o m p l e t e d  
by McGowan a n d  D i e h l  ( 5 , 6 , 7 )  o n  G r e e n  R i v e r  S h a l e .  

_________--_ EXPERIMENTAL 

A G a s s a w a y  member  o f  t h e  C h a t t a n o o g a  s h a l e  f r o m  t h e  E a s t e r n  
H i g h l a n d  R i m  a r e a  o f  T e n n e s s e e  w a s  g r o u n d  t o  - 6 0  m e s h .  A k e r o g e n  
c o n c e n t r a t e  w a s  p r e p a r e d  f r o m  t h e  r a w  s h a l e  s a m p l e  b y  
d e m i n e r a l i z a t i o n  u s i n g  a c o m b i n a t i o n  o f  h y d r o c h l o r i c  a n d  
h y d r o f l u o r i c  a c i d s .  S a m p l e s  o f  t h e  k e r o g e n  c o n c e n t r a t e  were 
o x i d i z e d  w i t h  b o i l i n g  p e r c h l o r i c  a c i d  w i t h i n  a m o d i f i e d  B e t h g e  
a p p a r a t u s  a s  d e s c r i b e d  by Mctiowan a n d  D i e h l  ( 8 ) .  P e r c h l o r i c  a c i d  
s o l u t i o n  was  a d d e d  t o  t h e  r e a c t i o n  f l a s k  o f  t h e  B e t h g e  a p p a r a t u s ,  
a n d  t h e  b o i l i n g  p o i n t  was  a d j u s t . e d  t o  t h e  d e s i r e d  t e m p c r a t u r e  by 
p o s i t i o n i n g  t h e  t e f l o n  s t o p c o c k  t o  r e m o v e  r e f l u x  c o n d e n s a t e ,  o r  
by a d d i t i o n  o f  w a t e r  t h r o u g h  t h e  t o p  o f  t h e  w a t e r  c o n d e n s c r .  T h e  
b o i l i n g  p o i n t  was  k e p t  c o n s t a n t  b y  r e t u r n i n g  t h e  r e f l u x  
c o n d e n s a t e  t o  t h e  r e a c t i o n  v e s s e l .  T h e  a m o u n t  o f  p e r c h l o r i c  a c i d  
a d d e d  was v a r i e d  s u c h  t h a t  a p p r o x i m a t e l y  5 0  m l  o f  s o l u t i o n  
r e m a i n e d  a f t e r  t h e  t e m p e r a t u r e  a d j u s t m e n t  w a s  c o m p l e t e d .  A f t e r  
c o o l i n g  t o  r o o m  t e m p e r a t u r e ,  t h r e e  1 . 0 0  m l  a l i q u o t s  were  t a k e n  
a n d  t i t r a t e d  w i t h  0 . 2 5  N s o d i u m  h y d r o x i d e .  A 1 - g  s a m p l e  o f  
k e r o g e n  c o n c e n t r a t e  w a s  a d d e d  t o  t h e  r e a c t i o n  v e s s e l ,  a n d  t h e  
s y s t e m  was p u r g e d  f o r  30  m i n u t e s  w i t h  n i t r o g e n .  A w e i g h e d  T u r n e r  
a b s o r p t i o n  b u l b  c o n t a i n i n g  a s c a r i t e  a n d  a n h y d r o u s  m a g n e s i u m  
p e r c h l o r a t e  was a d d e d  t o  t h e  r e a c t i o n  s y s t e m .  The r e a c t i o n  f l a s k  
w a s  h e a t e d  f o r  1 . 5  h o u r s .  T h e  s t a b l e  r e a c t i o n  t e m p e r a t u r e  w a s  
r e c o r d e d .  T h e  s y s t e m  w a s  r e p u r g e d  w i t h  n i t r o g e n  f o r  30 m i n u t e s  a t  
t h e  t e r m i n a t i o n  o f  t h e  r e a c t i o n .  T h e  a b s o r p t i o n  b u l b  w a s  
r e w e i g h e d  a n d  t h e  p e r c e n t a g e  o f  c a r b o n  c o n v e r t e d  t o  c a r b o n  
d i o x i d e  w a s  c a l c u l a t e d .  T h e  u n d i s s o l v e d  m a t e r i a l  was f i l t e r e d  a n d  
w a s h e d  w i t h  300 m l  o f  d i s t i l l e d  w a t e r .  Upon d i l u t i o n  a s  a r e s u l t  
o f  f i l t r a t i o n ,  t h e  p e r c h l o r i c  a c i d  s o l u t i o n  b e c a m e  m o r e  a q u e o u s ,  
a n d  a p r e c i p i t a t e  f o r m e d  i n  t h e  a q u e o u s  l a y e r  u p o n  s t a n d i n g .  T h e  
p r e c i p i t a t e  w a s  f i l t e r e d .  T h e  u n d i s s o l v e d  m a t e r i a l ,  t h e  a q u e o u s  
l a y e r .  a n d  t h e  p r c c i p i t a t e  f i l t e r e d  f r o m  t h e  a q u e o u s  l a y e r  were 
r e t a i n e d  f o r  t h e  a n a l y s i s  o f  o x i d a t i o n  p r o d u c t s .  

T h e  r e a c t i o n  t i m e  w a s  r e d u c e d  f o r  s a m p l e s  KC-160 a n d  KC-165 
d u e  t o  e x c e s s i v e  f o a m i n g .  R e a c t i o n  KC-190 w a s  v i o l e n t .  F l a m i n g  
o c c u r r e d  o n  t h e  s u r f a c e  o f  t h e  r e a c t i o n  m i x t u r e .  T h e  r e a c t i o n  w a s  
c o n t a i n e d  i n  t h e  r e a c t i o n  f l a s k  o f  t h e  B e t h g e  a p p a r a t u s  w i t h  n o  
a p p a r e n t  d a m a g e  t o  t h e  r e a c t i o n  s y s t e m .  T h e  s a m p l e  s i z e  w a s  
r e d u c e d  t o  0 . 1  g r a m  f o r  KC-200 a s  a s a f e t y  p r e c a u t i o n .  T h e  
r e a c t i o n  p r o c e e d e d  s m o o t h l y .  

E a c h  r e a c t i o n  was p e r f o r m e d  i n  a p e r c h l o r i c  a c i d  f u m e  h o o d  
b e h i n d  a n  e x p l o s i o n  s h i e l d .  The  a u t h o r s  r e c c o m m e n d  t h a t  e x t r e m e  
c a u t i o n  b e  e x e r c i s e d  w h e n  p e r c h l o r i c  a c i d  a l o n e  i s  u s e d  t o  
o x i d i z e  o r g a n i c  m a t e r i a l .  
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The u n d i s s o l v e d  m a t e r i a l  was d e s i g n a t e d  a s  K C - O C - U ,  a n d  t h e  
r e c i p i t a t e  f i l t e r e d  f r o m  t h e  a q u e o u s  l a y e r  was d e s i g n a t e d  a s  K C -  

'C-A . T h e  u n d i s s o l v e d  m a t e r i a l  a n d  t h e  a q u e o u s  l a y e r  p r e c i p i t a t e  
w e r e  w a s h e d  f r e e  o f  p e r c h l o r i c  a c i d  w i t h  d i s t i l l e d  w a t e r .  T h e  
s a m p l e s  were  d r i e d  a n d  w e i g h e d .  

S a m p l e s  K C - 1 1 0 - U  t h r o u g h  K C - 1 9 0 - U  o f  t h e  u n d i s s o l v e d  
m a t e r i a l  w e r e  w a s h e d  w i t h  0 . 2 5  N s o d i u m  h y d r o x i d e .  T h e  s o d i u m  
h y d r o x i d e  w a s h i n g s  were a c i d i f i e d  w i t h  1 2  M h y d r o c h l o r i c  a c i d .  A 
b r o w n  p r e c i p i t a t e  f o r m e d  a n d  was f i l t e r e d .  T h e  p r e c i p i t a t e  was 
w a s h e d  w i t h  h e p t a n e  i n t o  a w e i g h e d  5 0  m l  f l a s k .  T h e  h e p t a n e  
w a s h i n g s  ( K C - O C - U l )  w e r e  e v a p o r a t e d  t o  d r y n e s s  a n d  w e i g h e d .  T h e  
p r e c i p i t a t e  w a s  t h e n  w a s h e d  w i t h  b e n z e n e  i n t o  a w e i g h e d  5 0  m l  
f l a s k .  T h e  b e n z e n e  w a s h i n g s  ( K C - O C - U 2 )  w e r e  e v a p o r a t e d  t o  d r y n e s s  
a n d  w e i g h e d .  The  u n d i s s o l v e d  m a t e r i a l  was w a s h e d  w i t h  m e t h a n o l  
i n t o  a w e i g h e d  50  m l  f l a s k .  T h e  m e t h a n o l  w a s h i n g s  (KC-OC-U3) 
w e r e  e v a p o r a t e d  t o  d r y n e s s  a n d  w c i g h e d .  The  r e m a i n i n g  p r e c i p i t a t e  
(KC-OC-U4) w a s  s o d i u m  h y d r o x i d e  s o l u b l e ,  a n d  was r e t a i n e d  f o r  
a n a l y s i s .  

S a m p l e s  K C - 1 5 0 - A  t h r o u g h  K C - 1 8 0 - A  o f  t h e  p r e c i p i t a t e  
f i l t e r e d  f r o m  t h e  o r i g i n a l  a q u e o u s  l a y e r  w e r e  w a s h e d  w i t h  h e p t a n e  
i n t o  w e i g h e d  50  m l  f l a s k s .  T h e  h e p t a n e  w a s h i n g s  ( K C - O C - A I )  w e r e  
e v a p o r a t e d  t o  d r y n e s s  a n d  w e i g h e d .  T h e  p r e c i p i t a t e  was  w a s h e d  
w i t h  b e n z e n e  i n t o  a w e i g h e d  5 0  m l  f l a s k .  T h e  b e n z e n e  w a s h i n g s  
( K C - O C - A 2 )  w e r e  e v a p o r a t e d  t o  d r y n e s s  a n d  w e i g h e d .  T h e  
p r e c i p i t a t e  was w a s h e d  w i t h  m e t h a n o l  i n t o  a w e i g h e d  5 0  m l  f l a s k ,  
C I I C  w d s h i n g s  ( i ( C - " C - A J )  w e r e  e v a p o r a t e d  t o  d r y n e s s  a n d  w e i g h e d .  
O n l y  a t r a c e  o f  p r e c i p i t a t e  r e m a i n e d  a f t e r  t h e  w a s h i n g  o f  t h e  
p r e c i p i t a t e  w i t h  m e t h a n o l  w h i c h  was s o d i u m  h y d r o x i d e  s o l u b l e .  

... 

U l t r a v i o l e t  s p e c t r a  w e r e  r e c o r d e d  f o r  a l l  U 3  a n d  A 3  s a m p l e s .  
A p o r t i o n  o f  e a c h  s a m p l e  was d i s s o l v e d  i n  m e t h a n o l .  A b a c k g r o u n d  
s p e c t r u m  o f  m e t h a n o l  was r e c o r d e d .  T h e  s p e c t r a  w e r e  r e c o r d e d  on a 
P e r k i n  E l m e r  Lamda 4 B  UV/VIS s p e c t r o m e t e r .  I n f r a r e d  s p e c t r a  were 
o b t a i n e d  v i a  a d i f f u s e  r e f l e c t a n c e  t e c h n i q u e  w i t h  a N i c o l e t  2 0  
DXB FTIR s p e c t r o m e t e r .  A l l  U3, U4, a n d  A 3  s a m p l e s  were e s t e r i f i e d  
w i t h  m e t h y l - 8  m e t h y l a t i n g  r e a g e n t .  O n e  m i l l i l i t e r  o f  m e t h y l - 8  was 
a d d e d  t o  5 - 1 0  m i l l i g r a m s  o f  s a m p l e .  The  m i x t u r e  was h e a t e d  f o r  2 0  
m i n u t e s  a t  6 0 ° C .  T h e  m e t h y l  e s t e r s  p r o d u c e d  f r o m  t h e  a c i d  
o x i d a t i o n  p r o d u c t s  were t o  b e  a n a l y z e d  b y  g a s  c h r o m a t o g r a p h y  a n d  
gas  c h r o m a t o g r a p h y / m a s s  s p e c t r o m e t r y ,  h o w e v e r ,  a n a l y s i s  was n o t  
c o m p l e t e d  a t  t h e  time o f  t h e  w r i t i n g  o f  t h i s  p a p e r .  

T h e  k e r o g e n  c o n c e n t r a t e  p r o d u c e d  f r o m  t h e  r a w  C h a t t a n o o g a  
s h a l e  s a m p l e  was d a r k  b r o w n .  T h e  k e r o g e n  c o n c e n t r a t e  w a s  4 6 . 5 3  
p e r c e n t  c a r b o n ,  4 . 3 4  p e r c e n t  h y d r o g e n ,  1 . 3 7  p e r c e n t  n i t r o g e n ,  a n d  
1 9 . 7 3  p e r c e n t  s u l f u r .  T h e  a t o m i c  h y d r o g e n  t o  c a r b o n  r a t i o  w a s  
1.1 t o  1 . 0  i n d i c a t i n g  a h i g h  d e g r c e  o f  u n s a t u r a t i o n  f o r  t h e  
k e r o g e n  c o n c e n t r a t e .  S c a n n i n g  E l e c t r o n  M i c r o s c o p e / X - R a y  
D i f f r a c t i o n  a n a l y s i s  o f  t h e  k e r o g e n  c o n c e n t r a t e  i n d i c a t e d  t h e  
p r e s e n c e  o f  i r o n ,  s u l f u r .  a n d  t i t a n i u m .  I r o n  c o n s t i t u t e d  18 
p e r c e n t  o f  t h e  m i n e r a l  c o n t e n t  p r e s e n t  i n  t h e  k e r o g e n  
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c o n c e n t r a t e ,  d e t e r m i n e d  w i t h  a P e r k i n  Elmer I n d u c t i v e l y  C o u p l e d  
P l a s m a  S p e c t r o m e t e r .  T h e  k e r o g e n  c o n c e n t r a t e  w a s  a p p r o x i m a t e l y  3 4  
p e r c e n t  a s h .  The  m i n e r a l  c o n t e n t  was p r e d o m i n a n t l y  p y r i t e  b a s e d  
o n  t h e  a n a l y s i s  o f  t h e  k e r o g e n  c o n c e n t r a t e  a n d  t h e  p e r c e n t a g e s  o f  
i r o n  a n d  s u l f u r  p r e s e n t .  

T h e  e x t e n t  o f  o x i d a t i o n  o f  t h e  o r g a n i c  m a t e r i a l  i n  
C h a t t a n o o g a  o i l  s h a l e  was d e t e r m i n e d  b y  m o n i t o r i n g  t h e  p e r c e n t a g e  
o f  u n d i s s o l v e d  m a t e r i a l ,  n o t i n g  c o l o r  c h a n g e s  i n  t h e  a q u e o u s  
p h a s e ,  a n d  c a l c u l a t i n g  t h e  p e r c e n t a g e  o f  c a r b o n  c o n v e r t e d  t o  
c a r b o n  d i o x i d e .  R e s u l t s  f r o m  t h e  o x i d a t i o n  o f  t h e  k e r o g e n  
c o n c e n t r a t e  a r e  p r e s e n t e d  i n  T a b l e  1 .  

T h e  r e s u l t s  p r e s e n t e d  i n  T a b l e  1 f o r  t h e  p e r c e n t a g e  o f  
u n d i s s o l v e d  m a t e r i a l  i n d i c a t e d  t h e  k e r o g e n  d i s s o l v e d  b e t w e e n  
15OoC a n d  18OoC. T h e  p e r c e n t a g e  o f  u n d i s s o l v e d  ma te r i a l  d e c r e a s e d  
a p p r o x i m a t e l y  27 p e r c e n t  b e t w e e n  140-155OC. T h i s  was p r o b a b l y  d u e  
t o  t h e  d i s s o l u t i o n  o f  p y r i t e ,  w h i c h  was a p p r o x i m a t e l y  30 p e r c e n t  
o f  t h e  k e r o g e n  c o n c e n t r a t e .  T h e  d i s s o l u t i o n  o f  p y r i t e  i n  b o i l i n g  
p e r c h l o r i c  a t  1 4 0 - 1 5 5 ° C  h a s  b e e n  d e m o n s t r a t e d  ( 8 ) .  A r o m a t i c  
m a t e r i a l  w a s  s u s p e c t e d  t o  h a v e  d i s s o l v e d  b e t w e e n  1 7 0 - 1 8 0 ° C .  I t  
h a s  b e e n  d e m o n s t r a t e d  by " C - N M R  ( 9 )  t h a t  a p p r o x i m a t e l y  h a l f  o f  
t h e  o r g a n i c  c a r b o n  p r e s e n t  i n  C h a t t a n o o g a  s h a l e  i s  a r o m a t i c .  

T h e  c o l o r  i n t e n s i t y  o f  t h e  a q u e o u s  p h a s e  r o s e  t o  a m a x i m u m  
t h e n  f a d e d  t o  c l e a r .  T h e  c o l o r  c h a n g e s  r a n g e d  f r o m  c o l o r l e s s  t o  
p a l e  y e l l o w  b e l o w  1 5 0 ° C ,  d a r k  o r a n g e - b r o w n  b e t w e e n  1 5 0 - 1 8 0 ° C .  
d a r k  y e l l o w  a t  1 9 0 ° C ,  a n d  c l e a r  a t  203OC.  T h e  m a x i m u m  c o l o r  
i n t e n s i t y  c o r r e s p o n d e d  t o  t h e  d i s s o l u t i o n  o f  k e r o g e n .  

T h e  d a t a  f o r  t h e  p e r c e n t a g e  o f  c a r b o n  c o n v e r t e d  t o  c a r b o n  
d i o x i d e  p r e s e n t e d  i n  T a b l e  1 f o r  t h e  k e r o g e n  c o n c e n t r a t e  
i n d i c a t e d  n o  s i g n i f i c a n t  a m o u n t s  o f  c a r b o n  were  c o n v e r t e d  t o  
c a r b o n  d i o x i d e  w h e n  t h e  b o l l i n g  p o i n t  o f  p e r c h l o r i c  a c i d  was 
b e l o w  1 5 O o C .  The  p e r c e n t a g e  o f  c a r b o n  c o n v e r t e d  t o  c a r b o n  d i o x i d e  
r o s e  i n  a l i n e a r  f a s h i o n  a b o v e  1 5 0 ° C .  T h e  r e s u l t s  f o r  t h e  t o t a l  
c a r b o n  p r e s e n t  i n  t h e  k e r o g e n  c o n c e n t r a t e  a t  203OC a r e  n o t  
u s e f u l .  I t  h a s  b e e n  d e m o n s t r a t e d  t h a t  c h l o r i n e  g a s  is p r o d u c e d  by 
p e r c h l o r i c  a c i d  a t  203OC ( 4 ) .  T h u s ,  t h e  c a l c u l a t e d  p e r c e n t a g e  o f  
c a r b o n  c o n v e r t e d  t o  c a r b o n  d i o x i d e  a t  203OC w a s  e l e v a t e d  d u e  t o  
t h e  a b s o r p t i o n  o f  c h l o r i n e  o n t o  a s c a r i t e .  

T h e  o x i d a t i o n  p r o d u c t s  were  s e p a r a t e d  i n t o  f r a c t i o n s .  T h e  
f i r s t  t y p e  o f  o x i d a t i o n  p r o d u c t  f r a c t i o n a t e d  was t h e  a c i d i c  
f r a c t i o n  i s o l a t e d  f r o m  t h e  u n d i s s o l v e d  m a t e r i a l .  The  s o l i d  a c i d s  
w e r e  s e p a r a t e d  i n t o  h e p t a n e ,  b e n z e n e ,  a n d  m e t h a n o l  s o l u b l e  
f r a c t i o n s .  T h e r e  was n o  e v i d e n c e  t h a t  a n y  m a t e r i a l  was e x t r a c t e d  
by h e p t a n e  o r  b e n z e n e .  P o l a r  a c i d s  were e x t r a c t e d  w i t h  m e t h a n o l  
( K C - O C - U 3 ) .  T h e  r e m a i n i n g  a c i d s  (KC-OC-U4) w e r e  s o d i u m  h y d r o x i d e  
s o l u b l e .  T h e  a c i d  p r o d u c t s  K C - 1 5 0 - U 3  t h r o u g h  K C - 1 7 0 - U 3  w e r e  
b r o w n  i n  c o l o r  a n d  f l a k y  i n  t e x t u r e .  S a m p l e  KC-180-U3 was  
b r o w n i s h - y e l l o w .  S a m p l c s  KC-150-U4 t h r o u g h  KC-180-U4 were b l a c k .  
T h e  s e c o n d  t y p e  o f  o x i d a t i o n  p r o d u c t  was t h e  p r e c i p i t a t e  w h i c h  
s e t t l e d  o u t  o f  t h e  a q u e o u s  l a y e r .  T h e s e  a c i d s  were s e p a r a t e d  i n t o  
h e p t a n e ,  b e n z e n e ,  a n d  m e t h a n o l  s o l u b l e  f r a c t i o n s .  No a c i d  
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m a t e r i a l  was e x t r a c t e d  w i t h  h e p t a n e  o r  b e n z e n e .  A t r a c e  o f  a c i d  
m a t e r i a l  r e m a i n e d  a f t e r  t h e  m e t h a n o l  e x t r a c t i o n  w a s  c o m p l e t e d  
w h i c h  was s o d i u m  h y d r o x i d e  s o l u b l e  (KC-OC-A4) .  T h e  m e t h a n o l  
s o l u b l e  a c i d s  (KC-OC-A3) w e r e  i d e n t i c a l  i n  c o l o r  a n d  t e x t u r e  t o  
t h e  m e t h a n o l  s o l u b l e  a c i d s  e x t r a c t e d  f r o m  t h e  u n d i s s o l v e d  
m a t e r i a l .  

T h e  i n f r a r e d  s p e c t r a  r e c o r d e d  f o r  s e l e c t e d  U3,  U4. a n d  A 3  
s a m p l e s  were c h a r a c t e r i s t i c  o f  u n s a t u r a t e d  c a r b o x y l i c  a c i d s .  T h e  
s p e c t r a  e x h i b i t e d  a b r o a d  b a n d  b e t w e e n  3 5 0 0 - 3 0 0 0  cm-l i n d i c a t i v e  
o f  t h e  h y d r o x y l  s t r e t c h  o f  a c a r b o x y l i c  a c i d .  A b a n d  b e t w e e n  
1 7 5 0 - 1 7 0 0  cm-' was t y p i c a l  f o r  a c a r b o n y l  s t r e t c h  o f  a c a r b o x y l i c  
a c i d .  The p r e s e n c e  o f  a l d e h y d e s  a n d  k e t o n e s  c a n  n o t  b e  r u l e d  o u t .  
A p e a k  f r o m  1 6 1 0  c m - I  t o  1 5 9 0  cm-' was  t h e  t y p i c a l  r e g i o n  f o r  
c a r b o n - c a r b o n  d o u b l e  b o n d s .  T h e  b a n d s  b e t w e e n  1 2 0 0 - 1 3 0 0  cm-l a n d  
1 4 0 0 - 1 4 4 0  c m - '  w e r e  t y p i c a l  f o r  t h e  C-0 s t r e t c h i n g  a n d  0-H 
b e n d i n g  o f  a c a r b o x y l i c  a c i d .  

T h e  u l t r a v i o l e t  s p e c t r a  were  r e c o r d e d  f o r  a l l  U 3  a n d  A 3  
s a m p l e s .  E a c h  s p e c t r a  c o n t a i n e d  o n e  b r o a d  p e a k  w h i c h  w a s  
e s s e n t i a l l y  i d e n t i c a l  f o r  e a c h  s a m p l e .  T h e  m a x i m u m  a b s o r b a n c e  
o c c u r r e d  b e t w e e n  2 0 6 - 2 1 1  n m .  T h i s  w a s  t h e  c h a r a c t e r i s t i c  r e g i o n  
f o r  u n s a t u r a t e d  c a r b o x y l i c  a c i d s  w h i c h  w e r e  a l s o  i n d i c a t e d  b y  
i n f r a r e d  a n a l y s i s .  E a c h  p e a k  e x h i b i t e d  a s h o u l d e r  p e a k  i n  t h e  
2 3 0  nm t o  2 5 5  nm r e g i o n  w h i c h  was s u s p e c t e d  t o  h a v e  a r i s e n  f r o m  
t h e  p r e s e n c e  o f  a r o m a t i c  m a t e r i a l  i n  t h e  o x i d a t i o n  p r o d u c t s .  

A s t e p w i s e  o x i d a t i o n  o f  t h e  k e r o g e n  o f  C h a t t a n o o g a  o i l  s h a l e  
w a s  e f f e c t e d  by o x i d a t i v e  d e g r a d a t i o n  w i t h  p e r c h l o r i c  a c i d .  T h e  
d i s s o l u t i o n  o f  t h e  k e r o g e n  o c c u r r e d  b e t w e e n  1 5 O - 1 8 O 0 C .  T h e  a t o m i c  
h y d r o g e n  t o  c a r b o n  r a t i o  i n d i c a t e d  a h i g h  d e g r e e  o f  
u n s a t u r a t i o n .  H i g h l y  p o l a r  u n s a t u r a t e d  c a r b o x y l i c  a c i d s  w e r e  
i n d i c a t e d  a s  t h e  p r i m a r y  o x i d a t i o n  p r o d u c t s .  Gas c h r o m a t o g r a p h y  
a n d  g a s  c h r o m a t o g r a p h y / m a s s  s p e c t r o m e t r y  a n a l y s i s  o f  t h e  
o x i d a t i o n  p r o d u c t s  were n o t  c o m p l e t e d  a t  t h e  t ime o f  t h e  w r i t i n g  
o f  t h i s  p a p e r .  N o  s u i t a b l e  t e c h n i q u e  h a s  b e e n  d e v e l o p e d  t o  
s e p a r a t e  o r g a n i c  o x i d a t i o n  p r o d u c t s  f r o m  p e r c h l o r i c  a c i d  
s o l u t i o n .  W o r k  w i l l  b e  c o n t i n u e d  i n  t h i s  a r e a  u t i l i z i n g  XAD 
r e s i n s .  T h c  G C / M S  d a t a  a n d  t h e  d a t a  o b t a i n e d  f r o m  t h e  o x i d a t i o n  
o f  m o d e l  c o m p o u n d s  w i l l  b e  u s e d  t o  p r o p o s e  a m o d e l  f o r  t h e  
s t r u c t u r e  o f  t h e  k e r o g e n  o f  C h a t t a n o o g a  o i l  s h a l e .  
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RAPID EVALUATION OF REACTION CONDITIONS ON COAL PYROLYZATES 
USING COUPLED PYROLYSIS GC/MS 

D a v i d  J .  Mi l l e r ,  S t e v e n  B .  Hawthorne ,  a n d  Ronald C .  Timpe 

U n i v e r s i t y  of N o r t h  Dakota  E n e r g y  and  M i n e r a l s  R e s e a r c h  C e n t e r  
Box 8213 U n i v e r s i t y  S t a t i o n  

Grand Forks, N o r t h  Dakota  58202 

ABSTRACT 

T h e  o p t i m i z a t i o n  of  p r o c e s s e s  u s i n g  c o a l  a s  a c a r b o n  s o u r c e  
f o r  r e a c t i o n  w i t h  s t e a m  t o  p r o d u c e  h y d r o g e n  r e q u i r e s  a n  
u n d e r s t a n d i n g  o f  t h e  c o m p o s i t i o n  o f  t h e  v o l a t i l e  c o m p o n e n t s  
r e l e a s e d  d u r i n g  t h e  c h a r r i n g  p r o c e s s .  A c o u p l e d  p y r o l y s i s  GC/MS 
method h a s  b e e n  d e v e l o p e d  t o  r a p i d l y  e v a l u a t e  t h e  e f f e c t  o f  
r e a c t i o n  c o n d i t i o n s ,  i n c l u d i n g  c a t a l y s t s  used  t o  a c c e l e r a t e  t he  
c h a r - s t e a m  r e a c t i o n  on t h e  c o m p o s i t i o n  o f  t h e  c o a l  p y r o l y z a t e .  
F o u r  s a m p l e s  ( o n e  u n c a t a l y z e d  and  t h r e e  c a t a l y z e d  w i t h  1 0  w t %  
CaC03, K2CO3, a n d  N a ~ C 0 3 ,  r e s p e c t i v e l y )  o f  a Nor th  Dakota  ( V e l v a )  
l i g n i t e  were p y r o l y z e d  u n d e r  h e l i u m  a t  700 O C  f o r  t e n  m i n u t e s .  
T h e  v o l a t i l e  p r o d u c t s  ( p r i m a r i l y  b e n z e n e  a n d  a l k y l b e n z e n e s ,  
p h e n o l  a n d  a l k y l p h e n o l s ,  d i h y d r o x y b e n z e n e s ,  a n d  m e t h o x y p h e n o l s )  
were s w e p t  f rom t h e  p y r o l y s i s  chamber  d i r e c t l y  i n t o  a c a p i l l a r y  
gas c h r o m a t o g r a p h i c  c o l u m n  a n d  c r y o g e n i c a l l y  t r a p p e d  p r i o r  t o  
GC/MS a n a l y s i s ,  W h i l s  s i r n c ? ; t e d  d i s t i l l a t i o n  p l o t s  f o r  t h e  
u n c a t a l y z e d  V e l v a  a n d  t h r e e  c a t a l y z e d  s a m p l e s  were s i m i l a r ,  
d r a m a t i c  r e d u c t i o n s  i n  t h e  a m o u n t s  o f  c a t e c h o l s  a n d  g u a i a c o l s  
were o b s e r v e d  i n  t h e  K2CO3 a n d  Na2C03 c a t a l y z e d  s a m p l e s .  

INTRODUCTION 

P y r o l y s i s  g a s  c h r o m a t o g r a p h y / m a s s  s p e c t r o m e t r y  h a s  b e c o m e  
i n c r e a s i n g l y  p o p u l a r  f o r  t h e  a n a l y s i s  of  s o l i d  f u e l  a n d  f u e l  
r e l a t e d  m a t e r i a l s .  I n  r e c e n t  p a p e r s ,  pyro lys i s -GC/MS h a s  b e e n  
a p p l i e d  t o  h y d r o n a p h t h a l e n e s  t o  d e t e r m i n e  d e g r a d a t i o n  p a t h w a y s  
(l), a s p h a l t e n e s  ( 2 1 ,  o i l  s h a l e  ( 3 ) ,  k e r o g e n s  ( 2 ) ,  b u r i e d  wood 
( 4 ) ,  c o a l i f i e d  l o g s  ( 4 1 ,  and c o a l  (5,6). Ekst rom a n d  C a l l a g h a n  
h a v e  u s e d  p y r o l y s i s  c o u p l e d  d i r e c t l y  t o  t h e  i o n  s o u r c e  o f  a m a s s  
s p e c t r o m e t e r  t o  s t u d y  p y r o l y s i s  k i n e t i c s  o f  o i l  s h a l e  ( 7 ) .  I n  
g e n e r a l ,  p y r o l y s i s  p r o b e s  u t i l i z i n g  5 t o  1 0 0  u g  o f  s a m p l e s  a r e  
u s e d  f o r  p y r o l y s i s  GC/MS. O u r  t e c h n i q u e  u t i l i z e s  a l a r g e r  s a m p l e  
s i z e  (2-4 mg) a n d  s p l i t  i n j e c t i o n  t o  o b t a i n  a more r e p r e s e n t a t i v e  
s a m p l e  f o r  GC/MS a n a l y s i s .  P y r o l y s i s  p r o d u c t s  a re  i n t r o d u c e d  
i n t o  a s p l i t  i n j e c t o r  and  a r e  c r y o g e n i c a l l y  t r a p p e d  a t  t h e  h e a d  
o f  a f u s e d - s i l i c a  c a p i l l a r y  g a s  c h r o m a t o g r a p h i c  column.  

Timpe a n d  c o - w o r k e r s  h a v e  shown t h a t  t h e  a d d i t i o n  o f  a l k a l i  
c a r b o n a t e s  t o  low-rank  c o a l s  p r i o r  t o  c h a r r i n g  h a s  i n c r e a s e d  t h e  
r a t e  o f  h y d r o g e n  p r o d u c t i o n  f rom t h e  c h a r - s t e a m  r e a c t i o n  ( 8 ) .  W e  
h a v e  u s e d  p y r o l y s i s  GC/MS t o  d e t e r m i n e  t h e  e f f e c t  o f  t h r e e  
a l k a l i n e  c a r b o n a t e  c a t a l y s t s ,  CaC03, K2CO3, a n d  NazC03, o n  t h e  
c o m p o s i t i o n  o f  p y r o l y s i s  p r o d u c t s  p r o d u c e d  a t  700 OC. 
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I. 

I 

EXPERIMENTAL 

Samples 

North Dakota (Velva) lignite was ground to -200 mesh and 
dried in a vacuum desiccator for 48 hours prior to pyrolysis. 
Three additional samples containing catalysts were prepared from 
the same North Dakota Lignite. Ten weight percent of dry CaC03, 
K2CO3, or Na2C03 (Trona - a naturally occurring Na2C03 mineral) 
was mixed with the North Dakota lignite and dried in the same 
manner as the uncatalyzed sample. 

Pyrolysis Gas Chromatography/Mass Spectrometry 

GC/MS analysis of the pyrolysis products was performed with a 
Hewlett-Packard 5985B using a 60 m x 0.25 mm i.d. (0.25 um film 
thickness) DB-5 fused silica capillary column (J & W Scientific, 
Folsum, CA). Electron impact (EI) mass spectra were generated at 
70 eV with a scan range of 50-400 amu. Helium was used as the 
carrier gas at an approximate linear flow rate of 50 cm/sec. 

Figure 1 shows a schematic diagram of  the pyrolysis 
apparatus. Approximately 2-4 mg of coal was placed in a 30 cm x 
4 mm i.d. quartz tube. The sample was positioned approximately 5 
cm from the outlet of the quartz tube with a plug of quartz wool. 
1-chloronaphthalene was added as an internal standard for each 
analysis by injecting 1 ul of a 1.47 ug/ul solution into the 
quartz plug and allowing the solvent to evaporate for 15 minutes 
prior to pyrolysis. The outlet of the tube was attached to a 
1/4" x 1/16" stainless steel union fitted with a 2 in. x 0.20 mm 
i.d. needle. The upper end of the sample tube was then placed in 
a brass heater block (preheated to 700 OC) but the sample was 
maintained a t  ambient temperature. A helium purge line was 
attached to the upper end of the sample tube. During the 
pyrolysis step, the helium flow was diverted from the injection 
port to sweep the pyrolysis products out of the pyrolysis chamber 
and into the injection port, the needle was inserted into the 
split/splitless injection port, and the block heater was dropped 
down around the sample (this resulted in a temperature of 650 OC 
in 30 seconds and 700 OC in one minute). The pyrolyzates were 
,swept into the split injection port and were cryogenically 
trapped on the head of a fused-silica capillary chromatographic 
column by holding the oven temperature a 0 OC during the 10 
minute pyrolysis. Upon completion of the pyrolysis, the sample 
tube injection needle was removed from the injection port, the 
helium flow switched back to the injection port, the column oven 
was heated rapidly to 50 OC, followed by temperature programming 
at 8 OC/min to 320 OC. 
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RESULTS AND DISCUSSION 

F i g u r e s  2 ,  3 ,  4 ,  a n d  5 s h o w  t h e  t o t a l  i o n  c u r r e n t  
c h r o m a t o g r a m s  r e s u l t i n g  f rom t h e  p y r o l y s i s  o f  u n c a t a l y z e d  V e l v a  
l i g n i t e ,  V e l v a  w i t h  10  w t %  CaC03, V e l v a  w i t h  1 0  w t %  K2CO3, a n d  
V e l v a  w i t h  1 0  w t %  T r o n a .  The numbered p e a k s  i n  F i g u r e s  2 ,  3 ,  4 ,  
a n d  5 a r e  i d e n t i f i e d  i n  T a b l e  1. Good c h r o m a t o g r a p h i c  peak  
s h a p e s  were o b t a i n e d  w i t h  c r y o t r a p p i n g  a t  0 O C .  T h e  m a j o r  
s p e c i e s  d e t e c t e d  were  b e n z e n e ,  t o l u e n e ,  a n d  C 2 - C 4  b e n z e n e s ;  
p h e n o l  a n d  C1-C3 p h e n o l s ,  c a t e c h o l  a n d  C 1  c a t e c h o l s ;  a n d  g u a i a c o l  
and  C 1  g u a i a c o l s .  A l s o  p r e s e n t  were n o r m a l  a lkanes  i n  t h e  r a n g e  
from c6 t o  c 2 6 .  

T h e  b o i l i n g  p o i n t s  o f  t h e  n o r m a l  a l k a n e s  f o u n d  i n  t h e  
p y r o l y s i s  p r o d u c t  o f  e a c h  s a m p l e  were u s e d  t o  g e n e r a t e  t h e  
s i m u l a t e d  d i s t i l l a t i o n  p l o t s  shown i n  F i g u r e  6. C u m u l a t i v e  
i n t e g r a t e d  a r e a s  o f  t h e  t o t a l  i o n  c u r r e n t  c h r o m a t o g r a m s  
( n o r m a l i z e d  t o  t h e  i n t e r n a l  s t a n d a r d )  o f  t h e  s p e c i e s  e l u t i n g  
b e t w e e n  t h e  b e t w e e n  n - a l k a n e s  ( s t a r t i n g  w i t h  c 6 )  were u s e d  t o  
g e n e r a t e  t h e  p l o t s  shown i n  F i g u r e  6. Each p y r o l y z a t e  s h o w e d  
simi-lar s i m u l a t e d  d i s t i l l a t i o n  p l o t s  w i t h  a p p r o x i m a t e l y  o n e - h a l f  
of t h e  v o l a t i l e  s p e c i e s  h a v i n g  b o i l i n g  p o i n t s  of  less t h a n  2 5 0  
OC.  The s l i g h t  v a r i a t i o n  i n  t h e  p l o t  f o r  t h e  V e l v a  w i t h  l o l  v t P  
KzCO3 a s  a c a t a i y s t  may b e  d u e  t o  t h e  r e l a t i v e l y  small  amount  o f  
c a t e c h o l  p r e s e n t  a n d  t h e  a b s e n c e  o f  C1 c a t e c h o l s  i n  t h e  
p y r o l y z a t e  f o r  t h i s  s a m p l e .  

F i g u r e  7 shows a p l o t  o f  t h e  m o l e c u l a r  i o n  areas  n o r m a l i z e d  
t o  t h e  area of  t h e  i n t e r n a l  s t a n d a r d  f o r  s e v e r a l  o f  t h e  m o s t  
a b u n d a n t  c o m p o u n d  c l a s s e s  f o u n d  i n  e a c h  o f  t h e  p y r o l y z a t e s .  
C o m p o n e n t s  1 t h r u  4 are  b e n z e n e  and C l - C 3  b e n z e n e s .  A l l  f o u r  
s a m p l e s  c o n t a i n e d  s i m i l a r  amounts  o f  t h e s e  c o m p o n e n t s  w i t h  t h e  
CaC03 c a t a l y z e d  s a m p l e  h a v i n g  s l i g h t l y  l o w e r  amounts  o f  b e n z e n e  
a n d  t o l u e n e .  P h e n o l ,  C 1  p h e n o l s ,  a n d  C2 p h e n o l s ,  ( c o m p o n e n t s  5,  
6, a n d  7 ,  r e s p e c t i v e l y )  g e n e r a l l y  d e c r e a s e d  w i t h  added  c a t a l y s t .  
An e x c e p t i o n  t o  t h - i s  t r e n d  w a s  t h e  h i g h e r  a m o u n t  o f  p h e n o l  
p r e s e n t  i n  t h e  V e l v a  s a m p l e  c a t a l y z e d  w i t h  K2CO3. 

D r a m a t i c  d i f f e r e n c e s  i n  t h e  a m o u n t s  o f  c a t e c h o l ,  C 1  
c a t e c h o l s ,  g u a i a c o l ,  and  C l  g u a i a c o l s  ( c o m p o n e n t s  8 ,  9 ,  1 0 ,  a n d  
11) were o b s e r v e d .  B o t h  t h e  K2CO3 a n d  t h e  T r o n a  c a t a l y z e d  
s a m p l e s  s h o w e d  a l a r g e  r e d u c t i o n  i n  c a t e c h o l  ( > 9 0 % )  a n d  c1 
c a t e c h o l s  ( > E O % )  c o m p a r e d  t o  t h e  u n c a t a l y z e d  s a m p l e  w h i l e  
p y r o l y s i s  w i t h  CaC03 s h o w e d  l i t t l e  r e d u c t i o n .  C a t a l y s i s  w i t h  
K2CO3 showed a l a r g e r  r e d u c t i o n  i n  g u a i a c o l  and C1 g u a i a c o l s  t h a n  
t h e  o t h e r  c a t a l y s t s .  The mechanism f o r  t h i s  p r o c e s s  i s  n o t  known 
a n d  w i l l  r e q u i r e  a d d i t i o n a l  i n v e s t i g a t i o n  u s i n g  model  compounds. 
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CONCLUSIONS 

Coupled pyrolysis gas chromatography/mass spectrometry with 
split injection can be a valuable tool for studying the effect of 
catalysts on the composition of pyrolyzates. The use of an 
internal standard allows direct comparison of pyrolyzates and can 
be used to estimate liquid yields and liquid quality. The 
addition of catalysts to the Velva lignite had minor effects on 
pyrolyzate yield. However, catalysis with K2CO3 and Trona showed 
large reductions in catechols and guaiacols. 
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TABLE I. Identification of Numbered Peaks from Figures 2 ,  3, 4 ,  and 5. 

Peak Number 

1 
2 
315 
4 r 6  
7 
8 
9 , 1 1 , 1 2  
1 0  
13  
1 4  
1 5  
1 6  
1 7 , 1 8  
1 9  
20 
21 
2 2  
2 3 , 2 4 , 2 5  
26 
27 
2 8 , 2 9  
3 0  
3 1 , 3 2  
3 3  
34 
3 5 , 3 6 , 3 7 , 3 8  
39 
40 
4 1  
4 2 , 4 3  
44 
4 5 , 4 6  
47 
48 
49 
5 0 , 5 1 , 5 2  
5 3  
54 
55  
56 
57 
58 
59 
60  
6 1  
62 
6 3  
64 
6 5  

Species 

1-hexene 
hexane 
CgHg isomer 
CgH10 isomer 
benzene 
thiophene 
C7H14 isomer 
C7H16 isomer 
t ol uene 
C7H10 isomer 
CgH16 isomer 
CgH18 isomer 
C2 benzene 
CgH18 isomer 
cyclooctatetraene 
C2 benzene 
CgH20 isomer 
C 3  benzene 
phenol 
C10H22 isomer 
C3 benzene 

C 1  phenol 
guaiacol 
C l l H 2 4  isomer 
C2 phenol 
ca techo 1 
C2 benzofuran 
Cg phenol 
C1 catechol 
C l  naphthalene 
C1 guaiacol 
1-chloronaphthalene ( I S )  
C2 naphthalene 
C15H32 isomer 
M=206 sesquiterpene isomer 
C16H34 isomer 
C3 naphthalene 
C17H36 isomer 
M=266 biological marker 
C18H-38 isomer 
C19H40 isomer 
C2p1H42 isomer 
C21H44 isomer 
C22H46 isomer 
C23H48 isomer 
C24H50 isomer 
C25H52 isomer 
‘26H54 isomer 

r j  ‘-e:nzene 
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Figure 7. Comparison o f  the  most abundant compound c lasses  
i n  the  p y r o l y s i s  p roduc ts  o f  Velva l i g n i t e  w i t h  
and w i t h o u t  c a t a l y s t .  Components: 1-benzene, 
2- to luene,  3 - C  benzenes, 4-C benzenes, 5-phenol, 

10-guaiacol ,  11-C, guaiacols .  
6-C, phenols, 5-C, phenols, 8-catechol ,  3 9 - C ,  catechols ,  
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